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INTRODUCTION 


The  key  objectives  of  the  study  were  to  verify  the  innovative  concepts  of  non-invasive 
intracranial  pressure  (ICP)  absolute  value  measurement  and  non-invasive  cerebrovascular 
autoregulation  (CA)  continuous  monitoring,  to  prove  the  design  concepts  and  to  perform  the 
limited  clinical  trials  of  the  new  prototype  devices.  These  devices  were  designed  and 
successfully  tested.  The  technological  requirements  for  future  development  of  deliverable 
prototype  devices  have  been  defined. 

The  first-year  research  accomplishment  of  this  project  was  presented  in  our  Annual  Report 
(Project  Title:  Non-invasive  Ultrasonic  Diagnosing  and  Monitoring  of  Intracranial  Pressure  / 
Volume)  covering  the  award  performance  period  Oct  1,  2000  -  Oct  1,  2001.  Our  previous 
Annual  Report  will  be  cited  in  this  Final  Report  as  “our  Annual  Report,  2001”. 

The  key  research  accomplishment  of  the  award  performance  period  Oct  1,  2001  -  Oct  1,  2002 
was  a  clinical  study  of  our  non-invasive  prototype  devices  on  ICU  patients  with  traumatic  brain 
injuries. 

Slow  intracranial  and  ABP  wave  correlation  methodology  was  used  for  continuous  CA  invasive 
and  non-invasive  monitoring.  A  prototype  of  non-invasive  CA  monitor  has  been  used  together 
with  invasive  ICP  and  ABP  slow  wave  monitors  in  the  ICU. 

13  patients  with  traumatic  brain  injuries  were  monitored  and  87  hours  of  simultaneous 
monitoring  data  were  analyzed.  Also  a  prototype  of  ultrasonographic  non-invasive  absolute  ICP 
meter  was  used  for  non-invasive  ICP  measurements  on  10  ICU  patients  following  Clinical 
Research  Protocol  No.99124006,  AIBS  No.990135,  HSSRB  log  No.A-9676. 

57  simultaneous  invasive  and  non-invasive  absolute  ICP  measurements  have  been  performed  in 
ICU. 

It  has  been  shown  experimentally  under  ICU  conditions  that  non-invasive  CA  monitoring 
reflects  the  same  CA  dynamics  as  an  invasive  autoregulation  monitoring.  The  hypothesis  on  the 
coincidence  of  invasive  and  non-invasive  CA  monitoring  results  was  accepted  after  the 
statistical  analysis  of  clinical  data.  This  conclusion  is  based  on  statistically  significant  clinical 
data  of  this  research. 

The  results  of  clinical  assessment  of  a  non-invasive  absolute  ICP  measurement  method  show 
that  this  is  the  only  method  for  non-invasive  ICP  measurement  without  the  problem  of 
individual  calibration  of  the  system  “patient  -  non-invasive  ICP  meter”.  The  hypothesis  on  zero 
value  of  differences  between  invasive  and  non-invasive  absolute  ICP  measurements  under 
comparison  was  accepted  after  the  analysis  of  statistically  significant  clinical  data  of  this 
research. 
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BODY 


1.0.  NON-INVASIVE  ABSOLUTE  ICP  MEASUREMENT  THROUGH  THE  HUMAN 
EYE 

1.1.  Bacl^round  of  non-invasive  absolute  ICP  measurement 

Neurological  dysfunction  resulting  from  brain  injury  is  associated  with  a  high  mortality  rate 
[1,2, 3,4, 6, 7],  The  economic  burden  of  the  injuries  is  also  large  [3],  Aspects  of  practical 
importance  include  an  early  detection  of  brain  injury,  an  accurate  quantification  of  the  degree  of 
the  injury,  and  a  reliable  prediction  of  recovery  outcome.  Other  diagnostic  approaches  are 
available  to  detect  and  assess  brain  injuries  such  as  near  infrared  spectroscopy  and  cerebral 
blood  velocity  or  flow  using  a  laser  Doppler  flow  meter  or  transcranial  Doppler  blood  velocity 
meter.  This  project  will  investigate  an  innovative  ultrasonic  technology  together  with  the 
method  of  ICP  absolute  value  measurement  through  the  human  eye  for  the  combat  casualty  care 
application. 

Several  experimental  and  clinical  studies  [4]  verified  the  pathophysiological  parameters  such  as 
cerebral  blood  flow  (CBF)  and  ICP  which  can  be  employed  to  describe  and  assess  the 
individual  time  course  immediately  following  the  brain  injury.  Non-invasive  measurement  of 
the  ICP  absolute  value  is  extremely  important  for  the  early  diagnosing  of  the  brain  injury  in 
emergency  cases  before  CT  and  MRI  diagnosing,  for  military  and  aerospace  medicine,  for 
monitoring  during  transplantological  procedures,  etc  [8-11].  It  is  expected  that  the  non-invasive 
ICP  technology  developed  here  could  provide  a  solution  to  some  of  the  problems  associated 
with  the  current  invasive  ICP  monitoring.  The  problems  include  the  increased  risk  of  infection, 
limitations  of  invasive  ICP  monitoring  duration,  delays  in  obtaining  ICP  diagnosis  in 
emergency  due  to  the  need  of  implanting  the  sensors. 

1.2.  Numerical  simulation  of  absolute  ICP  value  measurement  technology  (Vittamed) 

The  purpose  of  numerical  simulation  was  to  analyze  the  possible  systematic  error  of  the 
proposed  non-invasive  absolute  ICP  measurement  method  and  to  show  that  this  method  does 
not  need  the  individual  calibration  of  the  system  „individual  patient  -  non-invasive  ICP  meter“. 

The  mathematical  model  of  blood  flow  in  the  eye  artery  is  based  on  one-dimensional  equations 
resulting  from  the  Navier-Stokes  equations  (pulsatile  incompressible  flow  in  a  flexible  tube). 

The  blood  flow  in  the  eye  artery  mainly  depends  on  the  perfusion  pressure,  the  artery  diameter 
and  hydrodynamic  resistance  in  the  eye  microvessels. 

The  diameter  of  the  eye  artery  depends  on: 

-  elastic  properties  of  the  artery  wall, 

-  elastic  properties  of  the  surrounding  tissues, 

-  arterial  blood  pressure  (ABP),  ICP  and  external  pressure  Pe. 

The  mathematical  model  of  numerical  simulation  of  pulsating  blood  flow  through  the  eye  artery 
is  based  on  the  assumptions  that  the  behaviour  of  eye  artery  and  blood  flow  is  axis-symmetric 
and  that  arterial  pressure  is  constant  across  the  artery.  Therefore,  blood  flow  can  be  modelled  by 
one-dimensional  equations  resulting  from  the  integration  of  three-dimensional  non- 
compressible  Navier-Stokes  equations  over  the  cross  section  of  the  artery.  The  artery  is 
considered  as  an  axis-symmetric  elastic  tube.  As  a  result,  time  evolution  of  blood  volume  yield 
in  the  artery  is  described  by  a  system  of  continuity  and  momentum  equations  as  follows 
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(1) 


dA  dQ  „ 
dt  dz 

dQ_  Adp  8;r//  8  fQ^'^ 

dt  p  dz  pA  dz  ^  A  j 

where  t  is  time,  z  is  measured  along  the  artery,  A(z,t)  is  the  inner  eross-seetion  area  of  the  artery, 
Q{z,t)  is  the  blood  volume  yield,  p(z,t)  is  an  arterial  blood  pressure,  p  and  p  are  the  blood 
viseosity  and  density,  respeetively. 


The  system  is  completed  by  the  equilibrium  equation  of  forces  acting  on  the  arterial  wall: 


SV  dr  d^r 

P  -  Pouter  =  +  Pelastic  + 

dt  dt  dz 


(3) 


where  r{z,t)  is  the  inner  radius  of  the  artery,  p outer  -  pressure  acting  on  the  outer  wall  of  the 
artery  and  is  a  function  of  z,  M  is  related  to  the  density  of  the  the  wall,  T(r,z)  -  longitudinal 
tensile  force,  y  is  the  damping  coefficient  for  wall  motion,  is  pressure  created  by  the 

elastic  force  of  the  arterial  wall  and  is  defined  as  follows 


r 


P  elastic  =P<^^^V 


V 


A-Ao 


^0  J 


(4) 


where  ro  is  the  artery  inner  radius,  while  arterial  pressure  is  po  and  k(z)  is  arterial  stiffness. 


The  simulation  area  is  divided  into  three  zones:  itracranial  (inside  the  brain),  inside  the  cranial 
canal,  and  extracranial,  what  defines  different  outer  pressure:  pouter  is  equal  to  ICP  inside  the 
brain  and  pouter  is  equal  to  the  external  pressure  applied  to  the  eye  in  the  extracranial  segment  of 
the  eye  artery.  Under  assumption  that  the  eye  artery  does  not  pulsate  inside  the  cranial  canal,  the 
inner  radius  of  the  artery  inside  the  cranial  canal  is  constant.  As  a  result,  the  equilibrium 
equation  (3)  is  not  solved  inside  the  cranial  canal.  All  zones  are  coupled  during  calculations. 


Boundary  conditions  are  defined  by  inlet  pressure  /?,„(t)  or  blood  yield  G„(t).  As  for  example,  an 
input  yield  Qm(t)  is  approximated  by  the  function  displayed  in  Fig.  1,  which  is  close  by  the 
shape  to  the  arterial  blood  pressure  pulse.  Results  of  numerical  simulation  of  absolute  ICP  value 
measurement  are  presented  in  Fig.  2  -  Fig.4. 


Fig.  1.  Inlet  blood  volume  yield  of  the  eye  artery 
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Fig.  2.  Numerical  simulation  of  the  relationships  between  pulsatility  indexes  PI  in  the 
intracranial  and  extracranial  segments  of  the  eye  artery  on  extracranial  pressure  Pe 
applied  to  the  eye:  when  absolute  ICP  value  was  equal  to  10  mmHg,  the  balance  between 
intracranial  and  extracranial  PI  values  was  obtained  at  the  point  Pe=12.5  mmHg 


Fig.  3.  Numerical  simulation  of  the  relationships  between  pulsatility  indexes  PI  in  the 
intracranial  and  extracranial  segments  of  the  eye  artery  on  extracranial  pressure  Pe 
applied  to  the  eye:  when  absolute  ICP  value  was  equal  to  20  mmHg,  the  balance  between 
intracranial  and  extracranial  PI  values  was  obtained  at  the  point  Pe=21  mmHg 


a) 
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— ICP=10  mmHg 
Hli-ICP=20  mmHg 
— A— ICP=30  mmHg 
X  iCP=40  mmHg 


b) 

Fig.  4.  Relationships  between  the  differences  of  intracranial  PI  and  extracranial  PI 
depending  on  Pe  and  ICP:  a)  numerical  model  with  constant  mean  blood  flow  in  the  eye 
artery,  b)  numerical  model  with  Pe  dependent  mean  blood  flow  in  the  eye  artery 

It  is  shown  on  Fig.  4  a)  and  b)  that  the  ICP  dependent  systematic  error  of  the  proposed  non- 
invasive  method  is  within  limits  from  -3  mmHg  to  +1  mmHg  when  the  absolute  ICP  values  are 
from  ICP=10  mmHg  to  ICP=40  mmHg.  This  absolute  systematic  error  is  small  enough  and  it  is 
not  important  in  clinical  practice. 

Results  of  numerical  simulation  of  non-iiivasive  absolute  ICP  measurement  show  the  possibility 
to  measure  absolute  ICP  value  without  the  necessity  to  eliminate  such  a  small  systematic  error 
of  the  proposed  method.  This  result  shows  that  this  is  only  method  which  does  not  need  the 
calibration  of  the  system  “individual  patient  -  non-invasive  ICP  meter”  because  of  clinically 
non-significant  absolute  ICP  measurement  errors  in  the  ICP  range  from  0  mmHg  up  to  40 
mmHg,  i.e.,  below  and  above  the  critical  ICP  threshold  20  ...  25  mmHg. 

1.3.  Clinical  study  of  non-invasive  absolute  ICP  measurement  device 

1.3.1.  Clinical  research  objectives 

(Clinical  Research  Protocol  No.99124006,  AIDS  No.990135,  HSSRB  log  No.A-9676); 

To  conduct  a  clinical  trial  on  intensive  care  unit  coma  patients  with  heads  injuries  and 
implanted  existing  standard  invasive  intracranial  pressure  (ICP)  transducers  connected  to 
standard  ICP  monitors,  applying  simultaneously  multidepth  transcranial  Doppler  (TCD) 
measurements  of  the  eye  artery  blood  flow  parameters  in  the  intracranial  and  extracranial 
segments  of  that  artery  in  the  case  of  ICP  equal  to  the  external  pressure  applied  to  the  eye. 

1.3.2.  Expected  study  population 

(Clinical  Research  Protocol  No.99124006,  AIBS  No.990135,  HSSRB  log  No.A-9676); 

•  Male  and  female  subjects  >18  years  of  age  with  traumatic  brain  injury. 

We  intended  to  study  10  patients  with  traumatic  brain  injury.  Inclusion  criteria:  age  >=18  years, 
brain  injured  patients  monitored  in  an  intensive  care  unit  who  have  invasive  arterial  and 
intracranial  pressure  monitoring.  Indications  for  intracranial  pressure  monitoring  are  appropriate 
in  patients  with  severe  head  injury  with  abnormal  admission  CT  scan.  Severe  head  injury  is 
defined  as  a  Glasgow  Coma  Scale  Score  of  3-8  after  cardiopulmonary  resuscitation.  An 
abnormal  CT  scan  of  the  head  is  one  that  reveals  hematomas,  contusions,  edema,  or  compressed 
basal  cisterns.  ICP  monitoring  is  appropriate  in  patients  with  severe  head  injury  with  a  normal 
CT  scan  if  two  or  more  of  the  following  features  are  noted  at  admission:  age  over  40  years. 
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unilateral  or  bilateral  motor  posturing,  systolic  blood  pressure  less  than  90  mmHg.  ICP 
monitoring  is  not  routinely  indicated  in  patients  with  mild  or  moderate  head  injury  (Guidelines 
for  the  Management  of  Severe  Head  Injury.  Brain  Trauma  Foundation,  USA,  1995).  Following 
the  Guidelines  for  the  Management  of  Severe  Head  Injury,  only  comatose  patients  of  ICU  with 
implanted  invasive  ICP  monitoring  transducers  will  be  involved  in  the  study. 

•  Post  Sub-arachnoid  haemorrhage  patients  monitored  in  an  intensive  care  unit  who  have 
invasive  arterial  and  intracranial  pressure  monitoring.  Exclusion  criteria;  patients  with 
wounds,  scars  or  a  craniotomy  overlying  the  optimal  window  for  trans intracranial  ultrasonic 
measurement. 

1.3.3.  Declaration  of  a  specific  number  of  subjects  for  sample  size 

The  goal  of  the  experimental  tests  is  the  evaluation  of  the  reliability  of  data  obtained  using  new 
non-invasive  intracranial  pressure  measurement  methods  in  comparison  with  the  invasively 
measured  data  using  an  intracranial  pressure  monitor. 

The  proposed  non-invasive  intracranial  pressure  measurement  method  does  not  influence  the 
physiological  state  of  the  patient.  From  the  methodological  point  of  view  the  object  of 
investigation  is  not  the  individual  patient  but  the  physical  parameter  (intracranial  pressure 
measured  by  two  ways  -  invasively  and  non-invasively),  reflecting  the  dynamics  of  the 
physiological  state  of  an  individual  patient.  Therefore,  a  separate  patient  can  be  repeatedly 
exploited  to  obtain  the  required  statistics  of  sample  data.  The  parameter  values  during 
measurement  tests  must  cover  the  entire  range  of  the  parameter  variation  under  various 
physiological  states  of  patients. 

The  sample  data  is  obtained  during  a  separate  measurement  cycle  of  I  hour  duration  at  which 
the  parallel  measurement  data  from  the  investigated  measurement  device  and  the  standard 
measurement  device  are  registered.  In  this  way,  up  to  180  000  parallel  measurement  points  are 
obtained  at  each  measurement  cycle.  For  the  data  obtained,  the  Student’s  distribution  statistics 
test  for  paired  or  correlated  samples  [13]  with  the  significance  level  5%  is  applied  to  evaluate 
a  eoincidence  of  the  measurement  results.  Therefore,  for  each  measurement  cycle  a  decision  is 
stated  (to  accept  or  reject  the  hypothesis  on  the  coincidence  of  results). 

The  consistency  of  the  decisions  is  to  be  tested  for  repeated  measurement  eycles  under  various 
physiological  states  of  patients.  The  number  of  measurement  cycles  is  calculated  using  a 
general  formula  for  the  significance  test  of  a  single  proportion  [14]: 


\[-7Z 

7T^\ 

'2 

i 

o 

1 

f 

where 

n  -  required  minimum  size  of  measurement  cycles; 
7Z  -  proportion  of  interest; 


(1) 


^0  -  null  hypothesis  proportion; 

U  -  one-sided  percentage  point  of  the  normal  distribution  corresponding  to  100%  - 

power ; 

V  -  percentage  of  the  normal  distribution  corresponding  to  the  required  (two-sided) 
significance  level. 


For  our  investigation  we  have  introduced  the  following  values  of  the  formula  (1)  parameters: 
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For  our  investigation  we  have  introduced  the  following  values  of  the  formula  (1)  parameters: 
the  proportion  of  interest  n  =  0.95 ;  the  null  hypothesis  (measurement  results  by  the 
investigated  and  standard  methods  coincide)  proportion  Tt^  =\\  the  power  value  for 
demonstrating  the  significant  difference  between  results  of  measurement  cycles  is  accepted 
power  =  95% ,  which  corresponds  u  =  1.645 ;  the  significance  level  is  accepted  5% ,  which 
corresponds  v  =  1.96 . 

With  the  above  parameter  values,  the  following  value  of  the  required  measurement  cycles  is 
calculated: 


n  > 


1.645-70.95(1-0.95)  +  1.96Vl(l  - 1) 
(0.95-1)' 


(2) 


Under  specific  experimental  conditions,  a  separate  patient  can  be  tested  2  times  per  day  during 
5  days.  Therefore,  the  maximum  10  measurement  cycles  can  be  obtained  from  one  patient,  and 
the  minimum  number  of  patients  to  obtain  the  required  statistics  of  samples  is 


'52^ 


whole  number  =  6  (patients). 


(3) 


The  real  number  of  measurement  cycles  obtained  from  one  patient,  however,  can  be  less  than  10 
(in  practice  it  varies  from  1  to  10),  if  the  physiological  state  of  the  patient  does  not  change  and 
the  repeated  measurement  cycles  are  not  informative.  The  criteria  of  change  are:  the  state  of 
blood  flow  autoregulation  is  changed,  or  CPP,  ABP  or  ICP  values  are  significantly  changed,  or 
B  waves  became  active. 

Taking  into  account  the  above  circumstances,  we  have  increased  the  calculated  value  to  10 
patients  in  order  to  ensure  the  required  statistics  of  samples  under  unfavourable  experimental 
conditions. 

1.3.4.  Specification  of  the  statistical  power  analysis 

As  it  has  been  demonstrated  by  the  calculation  presented  above,  the  statistics  of  informative 
number  of  measurement  cycles  N  >  52  provides  the  required  power  of  conclusions.  The 
number  of  subjects  to  obtain  the  required  statistics  of  samples  is  determined  to  be  10  . 

Assuming  an  idealistic  case,  if  the  maximum  number  of  informative  samples  ( 1 0  )  is  obtained 
from  each  patient,  the  whole  number  of  samples  available  for  statistical  analysis  is 

10x10  =  100  .  This  number  significantly  exceeds  the  required  minimum  value  (N  >  52). 
Thus,  experimental  data  available  from  1 0  patients  provide  a  significant  reserve  for  obtaining 
the  required  statistics  of  informative  samples,  taking  into  account  that  the  real  number  of 
informative  samples  obtained  from  a  separate  patient  can  be  less  then  1 0  . 

A  more  exact  statistical  calculation  of  the  required  number  of  subjects  can  not  be  performed,  as 
there  is  no  a  priori  information  about  statistical  distribution  of  the  numbers  of  informative 
samples  obtained  from  one  patient. 

Referring  to  the  above  reasoning,  we  have  determined  the  number  10  of  subjects  as  a 
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definitive  number  for  obtaining  the  required  statistics  of  samples. 

Under  extremely  unfavorable  conditions  of  experimental  tests,  if  the  minimum  number 
( >  52  )  of  informative  samples  were  not  obtained  from  10  patients,  the  experimental 
research  will  be  extended  by  introducing  extra  patients  until  the  required  number  of  informative 
samples  is  obtained. 

1.3.5.  The  clinical  data  analysis  plan 

1 .  Processing  the  measurement  cycles  of  experimental  data  in  order  to  evaluate  for  each 
measurement  cycle  a  coincidence  of  measurement  data  from  the  investigated  measurement 
device  and  the  standard  measurement  device. 


Calculation  is  based  on  the  paired  data  of  parallel  measurements 

^  ~  \  •••?  (4) 

where  (^,„v  ),  is  the  measured  value  by  the  investigated  device;  )j.  is  the  measured  value 

by  the  standard  device;  i  is  the  index  of  measurement  point;  and  n  is  the  number  of 
measurement  points  (up  to  1 80  000 ). 

For  each  measurement  point  a  difference  is  calculated: 

~  (^/>7v)j  ~  —  1,  ...,  W  (5) 

Testing  the  hypothesis  on  the  equality  of  the  population  means  is  based  on  the  calculated  value 
of  the  Hest  statistics  [12]; 

^  ,  (6) 

yfn 

which  is  distributed  as  Student’s  t  with  fl  —  \  degrees  of  freedom. 

Parameters  (mean)  and  S  (standard  deviation)  are  calculated  using  formulas: 


niD 


(8) 


The  calculated  value  T  is  compared  with  the  critical  value  t ,  obtained  from  the  statistical 
table  of  t  -distribution  values  for  the  W  —  1  degrees  of  freedom  and  5%  significance  level. 


If  U  I  <  ,  the  hypothesis  on  the  equality  of  the  population  means  is  accepted,  otherwise  the 

hypothesis  is  rejected. 

In  this  way,  for  each  measurement  cycle  a  decision  is  stated:  accept  or  reject  the  hypothesis  on 
the  coincidence  of  results. 
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2.  Statistical  analysis  of  the  results  of  the  informative  measurement  cycle  tests  in  order  to 
evaluate  a  coincidence  of  measurement  results  for  the  entire  population  of  samples. 


For  the  investigated  number  N  of  informative  samples  ( TV  >  52  ),  a  proportion  of 

samples  ( N ^  )  with  the  positive  deeision  on  the  coineidence  of  measurement  results  is 
caleulated: 

n^^  =  NjN.  (9) 

The  ealculated  value  is  compared  with  the  proportion  of  interest  71  —  0.95 . 

If  ^  ^ ,  the  hypothesis  on  the  coincidence  of  measurement  results  is  accepted. 

Otherwise  the  hypothesis  is  rejected. 

1.3.6.  Clinical  data  of  simultaneous  invasive  and  non-invasive  absolute  ICP  measurements 

A  clinical  study  of  absolute  ICP  value  measurement  technique  (two-depth  TCD  technology)  has 
been  performed  in  order  to  evaluate  a  coincidence  of  invasive  and  non-invasive  empirical 
results. 

ICP  absolute  value  measurement  through  the  human  eye  is  based  on  the  simultaneous  ultrasonic 
measurement  of  the  blood  flow  parameters  in  the  intracranial  and  the  extracranial  segments  of 
the  eye  artery  (see  our  Annual  Report  from  Sept  2001,  pp.  21-24). 

We  found  experimentally  that  the  eye  artery  behaves  passively  to  an  applied  transmural 
pressure.  Blood  flow  velocity  pulsations  depend  on  ICP  in  the  intracranial  segment  and  depend 
on  extracranial  pressure  (Pe)  in  the  extracranial  segment. 

We  also  found  experimentally  that  in  the  case  of  balance  between  ICP  and  Pe,  when  ICP  =  Pe, 
the  same  blood  flow  parameters  -  diastolic,  systolic  and  mean  values,  pulsatility  and  resistivity 
indexes,  etc.,  are  approximately  equal  in  the  intracranial  and  extracranial  segments  of  the  eye 
artery.  This  balance  does  not  depend  on  the  individual  anatomy  of  eye  arteries  or  the  eye  arterial 
pressure  and  the  hydrodynamic  resistance  of  the  eye  artery  hydrodynamic  load. 

The  state  of  balance  when  ICP  =  Pe  can  be  achieved  by  applying  external  pressure  to  the  eye 
ball  and  surrounding  tissues  by  means  of  a  pneumatic  camera.  The  state  of  balance  is  identified 
by  measuring  the  blood  velocity  parameters  of  the  eye  artery  through  the  application  of  the 
transcranial  Doppler  (TCD)  multi-depth  technique. 

We  performed  a  clinical  study  of  our  non-invasive  absolute  ICP  measurement  technique  on  10 
ICU  patients  with  traumatic  brain  injuries  (USAMRAA  Award  No;  DAMD17-00-2-0065, 
Clinical  Research  Protocol  No.  99124006).  Invasive  and  non-invasive  absolute  ICP 
measurements  were  performed  simultaneously  in  different  pathophysiological  states  of  the 
ventilated  patients  in  coma  below  and  above  the  critical  level  of  ICP  =  20... 25  mmHg.  Here  Pe 
is  an  external  pressure  applied  to  the  tissues  surrounding  the  eyeball.  The  study  population  is 
presented  in  Table  1. 

We  applied  a  specially  designed  two-depth  TCD  device  with  a  special  ultrasonic  transducer  and 
the  pressure  chamber  for  application  of  extracranial  pressure  Pe  to  the  tissues  surrounding  the 
eyeball  for  non-invasive  absolute  ICP  measurements.  Codman  device  ‘TCP  Express”  was  used 
for  simultaneous  invasive  absolute  ICP  measurements  (see  our  Annual  Report  from  Sept  2001, 
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pp.  18-21). 


Table  1.  Non-invasive  absolute  ICP  measurement  study;  ICU  patient  population 


Total 

10 

Gender:  male 

10 

Age:  Mean  /  Range 

27.6/(18-70)  years 

Pathology:  Closed  severe  traumatic  brain  injury 

100  % 

Simultaneous  invasive  and  non-invasive  absolute  ICP 
measurement  in  ICU 

57  sessions 

Some  typical  dependences  of  averaged  pulsatility  indexes  PI  of  the  eye  artery  blood  flow  in  the 
intracranial  and  extracranial  segments  on  extracranial  pressure  Pe  are  shown  in  Fig.  5-8.  The 
results  of  simultaneous  ICP  measurements  are  presented  in  Fig.  9,  Fig.  10  and  Table  2.  The 
results  of  all  57  simultaneous  invasive  and  non-invasive  measurements  on  10  ICU  patients  are 
presented  in  Appendix  A. 


Fig.  5.  Non-invasive  measurement  of  absolute  ICP  value:  invasive  ICP=5  mmHg,  non- 
invasive  ICP=3  mmHg.  d  -  depth  from  the  surface  of  the  eye  lid:  d  =  44  mm  for  the 
extracranial  segment  and  d  =  56  mm  for  the  intracranial  segment  of  the  eye  artery 


Fig.  6.  Non-invasive  measurement  of  absolute  ICP  value:  invasive  ICP=14  mmHg,  non- 
invasive  ICP=16  mmHg.  d  -  depth  from  the  surface  of  the  eye  lid:  d  =  42  mm  for  the 
extracranial  segment  and  d  =  56  mm  for  the  intracranial  segment  of  the  eye  artery 
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Fig.  7.  Non-invasive  measurement  of  absolute  ICP  value:  invasive  ICP=24  mmHg,  non- 
invasive  ICP=26  mmHg.  d  -  depth  from  the  surface  of  the  eye  lid:  d  =  44  mm  for  the 
extracranial  segment  and  d  =  56  mm  for  the  intracranial  segment  of  the  eye  artery 


Fig.  8.  Non-invasive  measurement  of  absolute  ICP  value:  invasive  ICP=24  mmHg,  non- 
invasive  ICP=26  mmHg.  d  -  depth  from  the  surface  of  the  eye  lid:  d  =  40  mm  for  the 
extracranial  segment  and  d  =  54  mm  for  the  intracranial  segment  of  the  eye  artery 


Fig.  9.  Distribution  p(A)  of  the  difference  between  simultaneous  invasive  and  non-invasive 
ICP  measurements:  mean  )a.=0.939  mmHg,  standard  deviation  SD=6.18  mmHg 
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Fig.  10.  Bland  Altman  plot  of  simultaneous  invasive  and  non-invasive  ICP  measurements 
(10  patients  with  severe  traumatic  brain  injuries,  57  simultaneous  invasive  and  non- 
invasive  measurements):  red  line  -  systematic  error  trend 
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Table  2.  Invasive  and  non-invasive  ICP  measurements  data 


We  were  able  to  prove  clinieally  for  the  first  time  that  our  non-invasive  absolute  ICP  meter 
(Vittamed)  is  a  non-invasive  ICP  meter  which  does  not  need  an  individual  calibration  of  the 
system  “individual  patient  -  non-invasive  ICP  meter”  because  of  clinically  not  significant 
systematic  error  of  non-invasive  measurements  p=0.939  mmHg  (Fig.  10). 
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It  is  necessary  to  underline  that  clinically  non-significant  systematic  error  of  absolute  ICP 
measurement  is  achieved  without  calibration  of  our  non-invasive  ICP  meter  as  it  was  predicted 
by  mathematical  modeling  and  our  preliminary  experiments. 

The  other  attempts  [14]  to  create  the  methods  for  ICP  non-invasive  measurements  are  based  on 
some  relationships  between  physical  properties  of  some  craniospinal  or  intracraniospinal 
biophysical  objects  (diameter  of  skull,  resonance  frequency  of  skull,  thickness  of  dura  mater, 
thickness  of  subarachnoid  layer,  resonance  frequency  of  the  pulsation  of  cerebral  ventricles, 
tissue  resonance  frequency,  pulsatility  index  of  blood  flow  in  cerebral  arteries,  etc.,  etc.)  and 
absolute  ICP.  These  relationships  depend  on  a  lot  of  influential  factors  including  arterial  blood 
pressure,  cerebrovascular  autoregulation  state,  the  pathophysiological  state  of  patients,  etc.  Such 
relationships  are  time-variable  and  need  to  be  identified  periodically.  The  only  way  of 
identification  is  to  apply  the  periodical  calibration  of  the  system  “individual  patient  -  non- 
invasive  ICP  meter”.  In  order  to  calibrate  such  a  system  it  is  necessary  to  apply  a  non-existing 
non-invasive  absolute  ICP  meter  with  better  accuracy  than  a  non-invasive  ICP  meter  under 
calibration.  This  situation  is  a  paradox  because  such  an  accurate  non-invasive  absolute  ICP 
calibrator  still  does  not  exist.  Because  of  that  the  only  solution  of  the  problem  is  to  measure 
absolute  ICP  non-invasively  by  applying  the  “Vittamed”  non-invasive  meter  which  is  the  only 
meter  without  the  problem  of  calibration  of  the  system  “individual  patient  -  non-invasive  ICP 
meter”. 

The  results  of  our  clinical  study  (USAMRAA  Award  No:  DAMD 17-00-2-0065  (years  2001- 
2002),  Clinical  Research  Protocol  No.  99124006)  support  our  hypotheses  that  the  balance 
between  ICP  and  extracranial  pressure  Pe  applied  to  the  eye  can  be  achieved  and  identified 
applying  multi-depth  TCD  technology  with  clinically  non-significant  systematic  errors  of 
absolute  ICP  measurement. 


1.4.  STATISTICAL  TESTING  OF  THE  HYPOTHESIS  ON  ZERO  VALUE  OF 
DIFFERENCES  BETWEEN  INVASIVE  AND  NON-INVASIVE  ICP  MEASUREMENTS 


1.4.1.  Testing  the  hypothesis 

Testing  the  hypothesis  on  zero  value  of  differences  between  the  invasive  and  non-invasive  ICP 
measurements  (Table  2)  is  based  on  calculated  value  of  the  Student’s  t  -test  statistics; 


4n 

which  is  distributed  as  Student’s  t  with  n  - 1  degrees  of  freedom. 


Parameters  m  (mean)  and  s  (standard  deviation)  are  calculated  using  formulas: 

1  ” 

^  /=i 


(6) 


s  - 


(7) 


where  D.  are  measured  values  of  differences. 

The  calculated  value  T  is  compared  with  the  critical  value  t ,  obtained  from  the  table  of  /  - 
distribution  values  for  the  n-  \  degrees  of  freedom  and  significance  level  of  the  test  (size  of  the 
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critical  region)  a  .  If  |7l  <  t„_i  i_^/2  >  the  hypothesis  on  the  equality  of  the  population  means  is 
accepted,  otherwise  the  hypothesis  is  rejected. 

By  processing  the  data  presented  in  Table  2  we  obtain: 
n  =  57,  =  0.9386  mmHg,  s  =  6.1775  mmHg  and  T  =  1.1471 . 

The  critical  value  of  t-statistics  for  a  =  5%  and  n  =  57  is  i_„/2  ~  2.00. 

|7l  =  l.l471<(,_,  =2.00.  (8) 

Therefore,  the  hypothesis  on  zero  value  of  differences  between  invasive  and  non-invasive 
absolute  ICP  measurements  under  comparison  is  accepted. 

1.4.2.  Conclusion  of  clinical  study 

It  is  proved  clinically  for  the  first  time  that  the  non-invasive  absolute  ICP  meter  “Vittamed”  is 
the  only  non-invasive  ICP  meter  which  does  not  need  individual  calibration  of  the  system 
“patient  -  non-invasive  ICP  meter”.  The  hypothesis  on  zero  value  of  differences  between 
invasive  and  non-invasive  measurements  has  been  proved  by  Mest  statistics  |  T  |  =1.1471<2.0 
(57  invasive  /  non-invasive  measurements,  ICP  range  from  4  mmHg  to  33  mmHg,  10  patients, 
11=0.939  mmHg). 

1.5.  TECHNOLOGICAL  REQUIREMENTS  FOR  NON-INVASIVE  ABSOLUTE  ICP 
METER  PROTOTYPE  DEVELOPMENT 

The  requirements  for  the  development  and  design  of  the  new  more  advanced  deliverable 
prototype  device  for  non-invasive  absolute  ICP  measurement  through  the  human  eye  are  as 
follows: 

1.  To  create  an  advanced  software  solution  for  on-line  indication  of  spatial  positioning  and 
adjustment  mode  of  ultrasonic  transducer  in  order  to  obtain  Doppler  signals  with  the  best 
signal  to  noise  ratio  from  the  two  segments  of  the  eye  artery  -  intracranial  segment  and 
extracranial  segment  simultaneously. 

2.  To  create  an  advanced  software  solution  for  identification  and  interactive  or  automatic 
elimination  of  Doppler  signal  artifacts  on-line  and  simultaneously  in  intracranial  and 
extracranial  segment  of  the  eye  artery. 

3.  To  create  an  advanced  software  solution  for  Doppler  frequency  shift  signal  optimized 
filtering  on-line.  The  non-standard  pulsatility  indexes  should  be  calculated  in  real  time  and 
compared  in  the  intracranial  and  extracranial  segments  of  the  eye  artery  after  the  optimized 
filtering  procedures. 

4.  To  create  an  advanced  software  solution  for  the  automatic  adjustment  of  the  optimized  filter 
by  the  patient’s  heart  rate  changes  during  TCD  measurements. 

5.  To  create  advanced  hardware  and  software  solutions  in  order  to  identify  the  informative 
TCD  signals  superposed  with  disturbing  echoes  from  various  not  moving  anatomical 
reflectors  and  to  select  only  the  informative  TCD  signal  in  order  to  insure  the  proper 
accuracy  of  the  ultrasonic  signal  processing  in  its  receiver. 

6.  To  improve  the  hardware  solutions  for  the  received  ultrasound  signal  processing  for  better 
signal-to-noise  ratio  (at  least  two  times  better),  better  resolution  (at  least  3-4  times)  for  low 


19 


diastolic  blood  flow  velocity  values  (less  than  10  cm/s). 

7.  To  create  software  solutions  for  the  on-line  indication  of  the  point  of  balance  between  the 
intracranial  pressure  and  pressure  applied  to  the  eye  in  order  to  indicate  the  non-invasively 
measured  absolute  ICP  value  at  the  point  of  balance. 

8.  To  create  the  data  transfer  protocol  and  software  solutions  for  the  connection  of  the  “black 
box”-type  special  two-depth  TCD  hardware  to  the  notebook  PC. 
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2.0.  NON-INVASIVE  ICP  /  VOLUME  REAL-TIME  MONITORING  ASSESSMENT  IN 
ICU 

2.1.  Background 

A  wide  variation  in  autoregulatory  status  in  patients  with  severe  head  injury  makes  the 
treatment  based  on  targeting  ICP  or  CPP  far  from  optimal.  Aceording  to  this  reasoning,  when 
patients  have  a  predominantly  diffuse  brain  injury  and  exhibit  the  phenomenon  of  impaired 
eerebrovaseular  autoregulation  (CA)  the  Lund  (Sweden)  approach  may  be  an  important  option 
of  patient  treatment.  The  Lund  approach  is  totally  opposite  to  the  targeting  CPP  approach.  The 
Lund  approach  is  based  on  the  use  of  permissive  low  CPP  if  brain  oxygen  supply  is  sufficient. 
The  application  of  different  treatment  strategies  and  fine-tuning  the  management  of  increased 
ICP  can  only  be  rationally  applied  if  therapeutic  decisions  are  based  on  the  accurate  knowledge 
of  the  autoregulatory  status  of  the  patient  brain  blood  flow.  In  order  to  decide  which  approach 
of  traumatic  brain  injury  treatment  for  one  or  other  autoregulatory  state  of  one  or  another  patient 
is  suitable,  it  is  necessary  to  use  continuous  cerebrovascular  autoregulation  state  monitoring 
[15-29]. 

“Vittamed”  time-of-flight  non-invasive  ICP  /  volume  real-time  slow  wave  monitoring 
technology  (see  our  Annual  Report  Sept  2001,  pp.  33-45)  was  clinically  assessed  at  the  first 
time  during  this  clinical  research  study.  The  same  technology  was  modified  and  used  for 
simultaneous  invasive  and  non-invasive  cerebrovascular  autoregulation  continuous  monitoring 
study  in  ICU. 

2.2.  Clinical  study  of  non-invasive  continuous  slow  intracranial  blood  volume  waves 
monitoring  and  cerebrovascular  autoregulation  state  monitoring 

2.2.1.  Clinieal  researeh  objectives 

(Clinical  Research  Protocol  No.99124006,  AIBS  No.990135,  HSSRB  log  No.A-9676): 

To  conduct  a  clinical  trial  on  intensive  care  unit  coma  patients  with  head  injuries  and  implanted 
existing  standard  invasive  intracranial  pressure  (ICP)  transducers  connected  to  standard  ICP 
monitors  simultaneously  with  a  new  noninvasive  ICP/volume  monitor  above  the  critical  level 
ICP  =  20... 25  mmHg  and  below  this  level.  To  investigate  the  ability  to  apply  a  new 
noninvasive  ICP/volume  monitor  for  continuous  monitoring  of  a  head  injured  patient’s  cerebral 
blood  flow  autoregulation  state. 

2.2.2.  Expected  study  population 

(Clinical  Research  Protocol  No.99124006,  AIBS  No.990135,  HSSRB  log  No.A-9676): 

Male  and  female  subjects  >18  years  of  age  with  traumatic  brain  injury. 

We  intended  to  study  10  patients  with  traumatic  brain  injury.  Inclusion  criteria;  age  >=18  years, 
brain  injured  patients  monitored  in  an  intensive  care  unit  who  have  invasive  arterial  and 
intracranial  pressure  monitoring.  Indications  for  intracranial  pressure  monitoring  are  appropriate 
in  patients  with  severe  head  injury  with  abnormal  admission  CT  scan.  Severe  head  injury  is 
defined  as  a  Glasgow  Coma  Scale  Score  of  3-8  after  cardiopulmonary  resuscitation.  An 
abnormal  CT  scan  of  the  head  is  one  that  reveals  hematomas,  contusions,  edema,  or  compressed 
basal  cisterns.  ICP  monitoring  is  appropriate  in  patients  with  severe  head  injury  with  a  normal 
CT  scan  if  two  or  more  of  the  following  features  are  noted  at  admission:  age  over  40  years, 
unilateral  or  bilateral  motor  posturing,  systolic  blood  pressure  less  than  90  mmHg.  ICP 
monitoring  is  not  routinely  indicated  in  patients  with  mild  or  moderate  head  injury  (Guidelines 
for  the  Management  of  Severe  Head  Injury.  Brain  Trauma  Foundation,  USA,  1995).  Following 
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the  Guidelines  for  the  Management  of  Severe  Head  Injury,  only  comatose  patients  of  ICU  with 
implanted  invasive  ICP  monitoring  transducers  will  be  involved  in  the  study. 

Post  Sub-arachnoid  haemorrhage  patients  monitored  in  an  intensive  care  unit  who  have  invasive 
arterial  and  intracranial  pressure  monitoring.  Exclusion  criteria:  patients  with  wounds,  scars  or  a 
craniotomy  overlying  the  optimal  window  for  transintracranial  ultrasonic  measurement. 

2.2.3.  Clinical  data  of  non-invasive  continuous  slow  intracranial  blood  volume  waves 
monitoring  and  cerebrovascular  autoregulation  state  monitoring 

Clinical  data  have  been  obtained  following  Clinical  Research  Protocol  No.99124006,  AIBS 
No. 990135,  HSSRB  log  No.A-9676.  Invasive  ICP  monitors  Camino  V420  and  Codman  ICP 
Express  have  been  used  simultaneously  with  the  non-invasive  “Vittamed”  monitor  in  the  ICU 
on  coma  patients.  Study  population  is  shown  in  Table  3. 

Table  3.  ICU  patient  population 


Total 

13 

Gender:  male/female 

10  (76.9%)/ 3(23.1%) 

Age:  Mean  /  Range 

30.5/(18-64)  years 

Pathology:  Closed  severe  traumatic  brain  injury 

100% 

Mean  ABP  range,  mmHg 

35-140 

Mean  ICP  range,  mmHg 

3-80 

Cerebrovascular  autoregulation  simultaneous  invasive 
and  non-invasive  monitoring 

53  one  hour  sessions 

Slow  intracranial  B  waves  simultaneous  invasive  and 
non-invasive  monitoring 

87  one  hour  sessions 

Experimental  data  are  shown  in  Appendix  B  and  Appendix  C. 


2.2.4.  Statistieal  evaluation  of  the  elinieal  data 

The  two  type  data  sets  have  been  used  for  statistical  evaluation.  The  first  type  data  sets  contain 
all  measurement  points  of  sampling  period  (Table  4).  The  second  type  data  sets  contain 
randomly  selected  data  points  (Table  5). 


Table  4.  Experimental  data  processing  results 


Patient 

Code  of  paired 
data  set 

Number  of 
measurement 
points 

Calculation  of  test  statistics 

Mean  of  Standard  Value  of 

differences  deviation  t-criterion 

Correlation 

coefficient 

1 

2 

3 

4 

5 

6 

7 

AB 

ab2&ab3 

703 

0.4015 

0.9194 

ab4&5&6 

703 

0.5809 

0.8313 

ab6  part2&ab8 

703 

0.6629 

AG 

ag4_19part2 

703 

0.0045 

0.9186 

0.1304 

ag4  19part3 

503 

-0.0040 

-0.1075 

0.6457 

22 


asl&as4_l 

as2&as9 

as3 

as4_2 

as7_l 

as7_2 

as8_l 

as8_2 

aslO 

asl2 


dj8 

djl3_15 

dj23_24 

dj28_32&dj44partl 

dj44part2&dj47_52 

dj57&dj59 

dj76-80 


kvl 

kv2_6partl 

kv26part2 


min3_13partl 

mmS  5  &iruTi5  9_  1 

mni57_l 

min57_2 

mm57_3 

nun57_5 

mni59_2 

mm60_l 

nini60_2 

niin3_13part2&mml5_22 


rm  4v 

nn_g4g5g6 

rm-vlOO 

rm-101&vl05&vl06 
rm-vl07&vl  19&vl4 


sl2-3 

sl7 

sl21_26partl 
sl2  l_26part2 
sl28-33partl 
sl28-33part2 
S141&48 


vdll_26partl 
vdl  126part2 
vdl  126part3 
vd27_44partl 
vd27_44part2 
vd27  44part3 


vg4 

vg7&vglOpartl 

vgl0part2&vg2 

vgl2 

vgl5&18 

vg21 parti 

vg21part2 


0.0024 

-0.0046 

0.0022 

0.0033 

-0.0056 

0.0055 

-0.0022 


-0.0025 

0.0021 

-0.0063 

-0.0036 

0.0017 

0.0011 

0.0178 


-0.0019 

0.0056 

-0.0036 


-0.0015 

0.00047 

-0.0020 

0.000226 

-0.0044 

0.0022 

-0.0016 

-0.0079 


-0.0064 

-0.0124 

-0.0010 

-0.0100 

0.000186 


0.0018 

-0.0140 

-0.0027 

0.0043 

-0.0029 


0. 

0. 

-0. 
0.0024 
0.0017 
-0.0060 


-0.00028 

0.0062 

-0.00015 

-0.000093 

-0.0203 

0.0076 

0.0060 


.8509 

.8294 

.6363 

0.8065 

.9805 

.0443 

.6960 

.7358 

0.9273 

1.0564 


.5090 

.5320 

.6321 

0.3647 

0.6359 

.3806 

.9698 


.7086 

.8156 

.9267 

.8543 

0.7913 

0.8923 

0.7632 

0.7264 

0.7339 

0.6977 


.5109 

.4497 

.3637 

.2785 

0.4743 

0.2058 

0.4377 

0.4533 


.5032 

.5068 

.2566 

.5508 

0.5471 

0.8394 

0.7319 


.4169 

.4472 

.3193 

.3841 

.5306 

0.4384 


.8469 

.4796 

.4871 

0.3784 

0.8824 

0.9253 

0.9580 


.0937 
.3175 
,1097 
.0775 
-0.1248 
0.0557 
0.1246 
-0.2022 
0.1565 
-0.0541 


0.5190 


-0.6060 

0.0108 


-0.1044 


7489 

6674 

5706 

6351 

6869 

6019 

7088 

7361 

7307 


0.7566 


8695 

8989 

9339 


0.9612 


0.5719 

0.5411 


23 


VYB 


»1  3 

703 

)6 

684 

)7 

682 

)8 

702 

)9  13 

696 

>14&16 

703 

.17  21 

703 

13 

21 

14 

0.3049 

0935 

0.2583 

66 

0.5187 

73 

0.6780 

15 

0.2752 

vkl_3 

vm4&vm21_23 

vm5_10 

vmll 

vml2 

vnil4_17partl 
vml4  17part2 
vml4  17part3 
vml417part4 
vTiil417part5 
vni20 


jrl-4_partl 
jrl-4_part2 
jrl-4_part3 
jr5-6 
'  7partl 
8 


-0.0056 

-0.000445 

0.0051 

-0.0011 

0.0026 

0.0043 

0.0053 

0.0051 

0.0040 

0.0014 

-0.0038 


0.0012 

-0.0019 


0.0074 

0.0053 


.6114 
.8477 
.8433 
.9820 
.8511 
0.5582 
0.5340 
0.5608 
0.5773 
0.6510 
0.5545 


.4783 

.4242 

.7042 

.5705 

.8344 

.8283 


Patient 

Code  of  paired 
data  set 

1 

2 

AB 

ab2&ab3 
ab4&5&6 
ab6  part2&ab8 

AG 

ag4_19part2 

ag4_19part3 

AS 

asl&as4_l 

as2&as9 

as3 

as4  2 

as7_l 

as7_2 

as8_l 

as8_2 

aslO 

as  12 

DJ 

dj8 

djl3  15 
dj23_24 

dj28  32&dj44partl 
dj44part2&dj47  52 
dj57&dj59 
dj76-80 

KV 

kvl 

kv26partl 
kv2  6part2 

Table  5.  Experimental  data  processing  results 


Number  of 
measurement 
points 


3 


70 

70 

70 


7 

5 


7( 
7( 
7 
7 
7 
70 
70 
70 
70 
70 


70 

70 

70 

70 

69 

70 
70 


70 

70 

68 


Calculation  of  test 


Mean  of  Standard 


differences 


-0.0062 

-0.0391 

-0.1699 

0.1301 

-0.0354 

-0.1303 

0.0030 


-0.1231 


-0.0132 

0.0018 

0.0467 


639 

660 

835 


deviation 


5 


0.3845 

0.6204 

0.6553 


.8261 

.9008 


.7123 
.9942 
.6376 
0.8502 
0.9103 
1.0513 
0.6589 
.9701 
.9273 
.9805 


.5185 
.4898 
.5478 
0.3387 
0.4046 
0.3510 
1.0306 


.7473 

.6520 

.5073 


statistics 


Value  of 
t-criterion 


6 


-2.0998 

-0.3779 

-1.0325 


0.6569 


Correlation 

coefficient 


I 

P 


18 

91 


0.7149 

-0.8465 

-1.3573 
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VYB 


itmi3_13partl 

mni55&mm59_l 

mm57_l 

nim57_2 

mm57_3 

nim57_5 

inm59_2 

inm60_l 

mm60_2 

mm3  13(2)&mml5  22 


rmlv 

rm2v 

rm_3v 

rm_4v 

rm_g4g5g6 

rm-vlOO 

rm-vl01&vl05&vl06 
rm-vl07&vl  19&vl4 


sl2-3 

sl7 

sl21_26partl 

sl21_26part2 

sl28-33partl 

sl28-33part2 

S141&48 


vdl  l_26partl 
vdl  l_26part2 
vdl  l_26part3 
vd27_44partl 
vd27_44part2 
vd27  44part3 


vg4 

vg7&vgl  Opart  1 
vgl0part2&vg2 
vgl2 
vgl5&18 
vg21  parti 

vg21part2 _ 


1_3 

6 

7 

8 

9_13 
14&16 
17  21 


vkl_3 

vm4&vm21_23 

vm5_10 

vmll 

vml2 

vml4_17partl 

vml4_17part2 

vml4_17part3 

vml4_17part4 

vml4_17part5 

vm20 


jrl-4_partl 
jrl-4_part2 
jrl-4_part3 
jr5-6 
'  7partl 
8 


-0.0829 

0.1160 

-0.0416 

0.0543 

-0.0335 

-0.0037 

0.0485 

0.0750 

-0.0789 

-0.1245 


0.0402 

0.0109 

-0.0854 

-0.0058 

-0.0952 

-0.1056 


0.0593 

0.0261 

0.0390 

0.0846 


-0.0188 


-0.0235 


.2077 

.0171 

.0930 

.0357 

.0662 

.0098 

.0831 


-0.0386 

-0.0364 

0.0081 


-0.0911 

-0.0921 

0.0375 

-0.0217 

0.0017 

-0.0612 

0.0239 

-0.0398 

-0.0877 

-0.0178 

-0.0223 


0.0046 

-0.0593 


.6270 

.9158 

.9857 

0.7987 

0.7485 

0.9102 

0.6945 

0.6301 

0.7419 

0.8585 


.4439 

.5438 

.3555 

.2884 

0.5054 

0.2345 

0.3886 

0.4542 


.4264 

.5049 

.2277 

0.5140 

0.5626 

0.8199 

0.6751 


.3708 

.5140 

.3468 

.3958 

0.5174 

0.3518 


.7909 

.4492 

.4575 

.4217 

.8727 

.0306 

0.9544 


.6538 

.2714 

.2928 

0.2590 

0.4865 

0.6126 

0.2757 


.5358 

.7063 

0.8380 

0.9035 

0.7195 

0.5144 

0.5684 

0.5921 

0.5817 

0.6853 

0.5022 


.4777 

.4206 

.6655 

.5714 

0.9037 

0.8067 


1060 

0595 

3532 

5684 


-0.3748 

-0.0338 

0.5841 


-1.1012 

-0.9973 

0.9453 

0.2663 

-1.4146 

-0.2082 

-2.0494 

-1.9176 


2.1971 

0.3177 

-1.7010 

-0.7084 

0.6349 

-0.0792 

0.7282 


-0.6599 

-0.4974 

0.2445 


-1.2612 

-0.2173 

-0.3711 


0.0427 

-0.6152 


0.6035 

0.7254 


0.8134 

0.8172 
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The  values  of  /-criterion  corresponding  to  each  data  set  have  been  calculated  using  normalized 
data.  Normalization  was  performed  by  division  the  original  measurement  data  by  standard 
deviation.  The  calculated  values  of  /-criterion,  presented  in  Tables  4,  5,  are  checked  on 
meeting  the  inequality: 

W  <  T„ .  (9) 

where  /  is  calculated  value  of  /-criterion  for  paired  or  correlated  samples  [44],  and  is 
critical  value  of  /-statistic  [44]: 


=  1.960  for  a  =  0.05 ,  «  >  120,  (10) 

7;„.,  =  1.997  for  a  =  0.05 ,  «  =  70,  (11) 

=  2.000  for  a  =  0.05 ,  «  =  60 ,  (12) 

=  2.010  for  a  =  0.05 ,  n  =  50 ,  (13) 

=  2.021  for  a  =  0.05 ,  «  =  40,  (14) 


a  is  the  significance  level  of  the  test  (size  of  the  critical  region),  n  is  the  number  of 
measurement  points. 

If  the  condition  (9)  is  satisfied,  the  hypothesis  on  equality  of  the  mean  values  of 
measurements  under  comparison  is  accepted,  otherwise  the  hypothesis  is  rejected. 

The  investigated  number  of  samples  is  N  ==  87  and  the  number  of  samples  that  meet  the 
condition  (9)  in  Table  5  is  N+=  83.  The  proportion  of  samples  with  positive  decision  is 

=  0.954.  (15) 

The  calculated  value  is  more  than  the  proportion  of  interest  n  =  0.95 : 

;r^+ =  0.954  >  ;r  =  0.95 .  (16) 

So,  the  hypothesis  on  the  coincidence  of  measurement  results  is  accepted. 

2.2.5.  Analysis  of  clinical  data 

In  order  to  determine  the  metrological  requirements  for  the  deliverable  prototype  for  non- 
invasive  CA  monitoring  device,  the  clinical  data  of  this  research  were  analyzed.  The  results  of 
analysis  are  shown  in  Fig.  1 1  -  Fig.  19. 

The  main  results  of  analysis  are  as  follows: 

-  in  order  to  obtain  correlation  coefficient  between  invasively  and  non-invasively  recorded  slow 
ICP  and  slow  cerebral  blood  volume  waves  better  than  r  >  0.9,  it  is  necessary  to  perform  the 
monitoring  when  the  amplitude  of  ICP  B  waves  is  more  than  3.0  mmHg  (Fig.  11).  The  standard 
deviation  of  the  correlation  coefficient  r  is  also  minimal  in  this  case  (Fig.  12), 

-  the  same  conclusion  about  the  acceptable  amplitude  of  permanent  or  interminent  ICP  B  waves 
follows  from  Fig.  14  concerning  the  standard  deviation  of  the  difference  between  invasively  and 
non-invasively  measured  cerebrovascular  autoregulation  state  indices, 

-  it  follows  from  Fig.  16  that  the  acceptable  ABP  slow  wave  amplitude  is  more  than  5.0  mmHg, 

-  it  has  been  shown  experimentally  (Fig.  17,  Fig.  18)  that  the  difference  between  invasively  and 
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non-invasively  measured  CA  indices  expressed  by  the  standard  deviation  ct  (Fig.  18)  decreases 
significantly  when  the  autoregulation  state  has  a  tendency  to  be  impaired  (r  — >  +1.0)  or  to  be 
intact  (r  — >  -1.0).  In  both  clinically  important  cases  the  random  error  values  expressed  by  a  are 
not  significant  in  the  clinical  practice.  The  systematic  error  A  (Fig.  17,  Fig.  19)  is  also  not 
important  in  the  clinical  practice. 


Fig.  11.  Mean  value  of  the  correlation  coefficient  between  invasive  ICP  B  waves  and  non- 
invasively  measured  intracranial  blood  volume  B  waves  depending  on  the  amplitude  of  the 
ICP  B  waves  (13  patients,  87  hours  of  simultaneous  invasive  ICP  and  non-invasive  US 
monitoring,  2631  experimental  data  points) 


Fig.  12.  Standard  deviation  of  the  correlation  coefficient  between  invasive  ICP  B  waves 
and  non-invasive  ultrasound  speed  B  waves  depending  on  the  amplitude  of  the  ICP  B 
waves  (13  patients,  87  hours  of  simultaneous  invasive  ICP  and  non-invasive  US 
monitoring) 
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Fig.  13.  Mean  value  of  the  difference  between  invasive  and  non-invasive  CA  estimating 
indices  depending  on  the  amplitude  of  ICP  B  waves  (10  patients,  53  hours  of  simultaneous 
invasive  and  non-invasive  CA  monitoring) 


Fig.  14.  Standard  deviation  of  the  difference  between  invasive  and  non-invasive  CA 
estimating  indices  depending  on  the  amplitude  of  ICP  B  waves  (10  patients,  53  hours  of 
simultaneous  invasive  and  non-invasive  CA  monitoring) 


Fig.  15.  Mean  value  of  the  difference  between  invasive  and  non-invasive  CA  estimating 
indices  depending  on  the  amplitude  of  ABP  B  waves  (10  patients,  53  hours  of  simultaneous 
invasive  and  non-invasive  CA  monitoring) 
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Fig.l6.  Standard  deviation  of  the  difference  between  invasive  and  non-invasive  CA 
estimating  indices  depending  on  the  amplitude  of  ABP  B  waves  (10  patients,  53  hours  of 
simultaneous  invasive  and  non-invasive  CA  monitoring) 


Bland  Altman  plot  of  r(ABP,ICP)  and  r(ABP,US) 


Fig.  17.  Estimation  of  the  similarity  between  invasive  and  non-invasive  CA  estimating 
indices  r(ABP,  ICP)  and  r(ABP,  US):  Bland  Altman  plot  comparing  invasive  and  non- 
invasive  data  (10  patients,  53  hours  of  simultaneous  invasive  and  non-invasive  CA 
monitoring,  1570  experimental  data  points  of  CA  estimation) 


Fig.  18.  Standard  deviation  of  the  difference  between  invasive  and  non-invasive  CA 
estimation  indices  calculated  from  Bland  Altman  plot  of  r(ABP,lCP)  and  r(ABP,US)  (10 
patients,  53  hours  of  simultaneous  invasive  and  non-invasive  CA  monitoring) 
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H  =  -0.0703  (ci  =  -0.0728;  -0.0677;  a  =  O.OS) 


Fig.  19.  Estimation  of  the  similarity  between  invasive  and  non-invasive  CA  estimating 
indices  r(ABP,  ICP)  and  r(ABP,  US):  a)  -  distribution  of  differences  between  the  invasive 
and  non-invasive  data,  b)  -  Bland  Altman  plot  comparing  invasive  and  non-invasive  data 
(10  patients,  53  hours  of  simultaneous  invasive  and  non-invasive  CA  monitoring,  1570 
experimental  data  points  of  CA  estimation) 

2.2.6.  Conclusion  of  clinical  study 

It  is  proved  clinically  for  the  first  time  that  the  non-invasive  intracranial  blood  volume  slow 
wave  monitor“Vittamed”  can  be  used  under  ICU  conditions  for  the  reliable  short-  or  long-term 
continuous  non-invasive  cerebrovascular  autoregulation  monitoring. 

For  statistical  analysis  the  same  methodology  was  used  as  described  in  paragraphs  1.3.3  -  1.3.5. 

Statistically  significant  estimation  (13  patients)  shows  that  the  hypothesis  of  the  coincidence  of 
invasively  and  non-invasively  measured  ICP  and  IBV  slow  wave  data  is  accepted  (7r>0.95). 
Statistically  estimated  (Bland  Altman)  difference  between  invasively  and  non-invasively 
recorded  intracranial  slow  waves  (SD=0.089,  p=4.5xl0'^)  and  the  difference  between  invasively 
and  non-invasively  recorded  cerebral  autoregulation  indexes  (SD=0.05,  p=l.lxl0'^)  is  small 
enough  and  such  differences  are  not  clinically  important. 

In  this  clinical  study  the  statistically  significant  evidences  were  obtained  at  the  first  time  that 
ultrasonographic  time-of-flight  technology  “Vittamed”  could  be  applied  for  non-invasive 
continuous  cerebrovascular  autoregulation  monitoring. 

2.3.  TECHNOLOGICAL  REQUIREMENTS  FOR  NON-INVASIVE 
CEREBROVASCULAR  AUTOREGULATION  MONITOR  PROTOTYPE 
DEVELOPMENT 

The  requirements  for  the  development  and  design  of  the  new  more  advanced  deliverable 
prototype  device  for  cerebrovascular  autoregulation  monitoring  are  as  follows: 

-  to  include  into  a  cerebrovascular  autoregulation  monitor  a  non-invasive  arterial  blood  pressure 
(ABP)  monitoring  (replacement  of  invasive  ABP  line)  transducer  for  slow  ABP  waves 
monitoring  with  the  possibility  to  monitor  slow  ABP  waves  with  amplitudes  from  1  mmHg  to 
10  mmHg, 
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-  to  improve  the  hardware  and  software  solutions  in  order  to  increase  the  accuracy  of  an 
automatic  compensation  of  the  influence  of  blood  flow  in  the  extracranial  tissues  inside  the 
acoustic  path  .  It  is  necessary  to  identify  automatically  the  quality  of  the  received  ultrasonic 
echo  signals  from  the  internal  surfaces  of  skull  bones  and  dura  mater. 

-  to  improve  the  software  solutions  for  automatic  ultrasonic  signal  quality  identification  on-line 
and  to  improve  an  automatic  adjustment  of  the  zero  crossing  points  in  the  received  signals  in 
order  to  determine  the  artifacts  during  the  cerebrovascular  autoregulation  state  monitoring, 

-  to  improve  the  software  solutions  for  the  estimation  of  the  shape  and  amplitude  of  measured 
slow  intracranial  blood  volume  B  waves  and  slow  ABP  waves  with  the  necessary  accuracy , 

-  to  improve  a  mechanical  frame  for  ultrasonic  transducers  fixation  on  the  human  head  in  order 
to  increase  comfort  for  the  patient  under  monitoring, 

-  to  create  the  data  transfer  protocol  and  software  solutions  for  connection  of  ultrasonic 
transducers  with  “black  box” -type  interfacing  hardware  which  will  be  connected  to  a  notebook 
PC  for  data  processing  and  non-invasive  cerebrovascular  autoregulation  state  indication  on-line 
in  numerical  form. 


3.  KEY  RESEARCH  ACCOMPLISHMENTS 
( Performance  period  1  October  2001  - 1  October  2002) 


1.0.  Approved  statement  of  work:  non-invasive  ICP  measurement  through  the  human  eye. 
1.5.  Perform  clinical  evaluation  of  the  prototype  and  the  clinical  study. 

Accomplishment:  the  prototype  has  been  evaluated  in  ICU.  Clinical  study  of  invasive  and 
non-invasive  measurement  of  absolute  ICP  has  been  performed  in  ICU.  57  simultaneous 
invasive  and  non-invasive  absolute  ICP  measurements  have  been  performed  on  10  ICU 
patients  following  Clinical  Research  protocol  No.  99124006.  The  hypothesis  on  zero  value  of 
differences  between  invasive  and  non-invasive  absolute  ICP  measurements  under 
comparison  was  accepted  after  analysis  of  statistically  significant  clinical  data  of  this  study. 


2.0.  Approved  statement  of  work:  non-invasive  ICP  /  volume  real  -  time  monitoring. 

2.5.  Perform  clinical  evaluation  of  the  prototype  and  the  clinical  study. 

Accomplishment:  the  prototype  has  been  evaluated  in  ICU.  Clinical  study  of  invasive  and 
non-invasive  slow  blood  volume  wave  and  cerebrovascular  autoregulation  monitoring  has 
been  performed  in  ICU.  87  hours  of  simultaneous  invasive  and  non-invasive  monitoring 
have  been  performed  on  13  ICU  patients  following  Clinical  Research  protocol  No.  99124006. 
The  hypothesis  on  the  coincidence  between  invasive  and  non-invasive  monitoring  data  under 
comparison  was  accepted  after  analysis  of  statistically  significant  clinical  data  of  this  study. 

Resume:  All  the  approved  statements  of  the  work  for  the  second  year  of  this 
study  have  been  successfully  accomplished. 


4.  REPORTABLE  OUTCOMES 


The  key  research  accomplishments  were  orally  presented  by  Dr.  A.  Ragauskas  at  the 
conferences  ATACCC  2001  (Fort  Walton  Beach,  September,  2001)  and  ATACCC  2002  (Fort 
Sant  Pete  Beach,  September,  2002).  The  abstracts  of  presentations  are  attached  as  an  Appendix 
D  to  this  report. 
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5.  CONCLUSIONS 


1 .  The  clinical  results  of  this  study  show  that  the  prototype  two-depth  TCD  device  for  absolute 
ICP  measurement  can  be  used  in  ICU  environment.  Our  clinical  study  (57  measurements,  10 
ICU  patients  with  traumatic  brain  injuries)  of  the  absolute  ICP  measurement  below  and  above 
the  critical  level  of  ICP  =  20.0  -  25.0  mmHg  applying  PI  as  a  balance  indicator  shows  that  the 
systematic  error  of  non-invasive  absolute  ICP  meter  is  negligible  and  that  is  the  only  meter 
which  do  not  need  the  individual  calibration  of  the  system  “individual  patient  -  non-invasive 
ICP  meter”. 

2.  The  hypothesis  on  zero  value  of  differences  between  invasive  and  non-invasive  absolute 
ICP  measurements  under  comparison  was  accepted  after  analysis  of  statistically  significant 
clinical  data  of  this  study. 

3.  A  prototype  time-of-flight  device  for  cerebrovascular  autoregulation  state  non-invasive 
monitoring  has  been  designed  and  successfully  tested  in  ICU  following  Clinical  Research 
Protocol  No.  9912  4006,  MBS  No.  990135,  HSSRB  Log  No.  A  -  9676.  87  hours  of 
simultaneous  invasive  and  non-invasive  ICP  slow  wave  monitoring  sessions  were  performed  in 
ICU  on  patients  with  traumatic  brain  injuries.  53  one  hour  sessions  of  cerebrovascular 
autoregulation  continuous  monitoring  were  performed  on  ICU  patients.  Simultaneous  invasive 
and  non-invasive  recording  of  slow  ICP  and  slow  intracranial  parenchymal  blood  volume  waves 
show  a  high  correlation  between  invasively  and  non-invasively  measured  slow  waves.  The 
achieved  highest  correlation  values  were  Rca^  =  0.92  ...  0.94  during  one-hour  continuous 
monitoring  session. 

4.  In  order  to  obtain  correlation  coefficient  between  invasively  and  non-invasively  recorded 
slow  ICP  and  slow  cerebral  blood  volume  waves  better  than  r  >  0.9,  it  is  necessary  to  perform 
the  monitoring  when  the  amplitude  of  ICP  B  waves  is  more  than  3.0  mmHg  (Fig.  11).  The 
standard  deviation  of  the  correlation  coefficient  r  is  also  minimal  in  this  case  (Fig.  12).  The 
same  conclusion  about  the  acceptable  amplitude  of  permanent  or  interminent  ICP  B  waves 
follows  from  Fig.  14  concerning  the  standard  deviation  of  the  difference  between  invasively  and 
non-invasively  measured  cerebrovascular  autoregulation  state  indices.  It  follows  from  Fig.  16 
that  the  acceptable  ABP  slow  wave  amplitude  is  more  than  5.0  mmHg.  It  has  been  shown 
experimentally  (Fig.  17,  Fig.  18)  that  the  difference  between  invasively  and  non-invasively 
measured  CA  indices  expressed  by  the  standard  deviation  ct  (Fig.  18)  decreases  significantly 
when  the  autoregulation  state  has  a  tendency  to  be  impaired  (r  ^  +1.0)  or  to  be  intact  (r  - 
1.0).  In  both  clinically  important  cases  the  random  error  values  expressed  by  o  are  not 
significant  in  the  clinical  practice.  The  systematic  error  A  (Fig.  17,  Fig.  19)  is  also  not  important 
in  the  clinical  practice. 

5.  Statistically  significant  estimation  (13  patients,  87  hours  of  continuous  invasive  and  non- 
invasive  monitoring)  shows  that  the  hypothesis  of  the  coincidence  of  invasively  and  non- 
invasively  measured  ICP  and  DBV  slow  wave  data  is  accepted  (7t>0.95).  Statistically  estimated 
(Bland  Mtman)  difference  between  invasively  and  non-invasively  recorded  intracranial  slow 
waves  (SD=0.089,  p=4.5xl0‘^)  and  the  difference  between  invasively  and  non-invasively 
recorded  cerebral  autoregulation  indexes  (SD=0.05,  p=l.lxl0'^)  is  small  enough  and  such 
differences  are  not  clinically  important. 

6.  In  this  clinical  study  the  statistically  significant  evidences  were  obtained  at  the  first  time  that 
ultrasonographic  time-of-flight  technology  “Vittamed”  could  be  applied  for  non-invasive 
continuous  cerebrovascular  autoregulation  monitoring. 

7.  Ml  the  approved  statements  of  the  work  for  the  second  final  year  of  this  study  have  been 
successfully  accomplished. 
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APPENDIXES 


APPENDIX  A 


CLINICAL  RESULTS  OF  NON-INVASIVE  ABSOLUTE  INTRACRANIAL  PRESSURE 

MEASUREMENT 
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Trial  No.  13  Invasive  ICP=6niniHg,  non-invasive  ICP=13mmHg 


Trial  No.  14  Invasive  ICP=4mmHg,  non-invasive  ICP=2mniHg 


Trial  No.  15  Invasive  ICP=6mniHg,  non-invasive  ICP=3niniHg 


Averaged  PI  H  Averaged  PI  H  Averaged  PI 


Trial  No.  18  Invasive  ICP=18nimHg,  non-invasive  ICP=17mmHg 


Patient  "od",  file  No.4 


0  5  10  15  20  25  30  35  40  45  50 

Pe,  mmHg 


Trial  No.  19  Invasive  ICP=16nimHg,  non-invasive  ICP=9mmHg 
Patient  "od",  file  No.5 


0  5  10  15  20  25  30  35  40  45  50 

Pe,  mmHg 


Trial  No.  20  Invasive  ICP=14niniHg,  non-invasive  ICP=15niniHg 


Trial  No.  21  Invasive  ICP=llniniHg,  non-invasive  ICP=8niniHg 


5 


Patient  "ri",  file  No.2 


♦  d=56mm 
■  d=42mm 

—  Expon.  (d=56mm) 

—  Expon.  (d=42mm) 


Trial  No.  22  Invasive  ICP=13mmHg,  non-invasive  ICP=14mmHg 


Patient  "ri",  file  No.3 


♦  d=56mm 
■  d=42mm 

Expon.  (d=42mm) 
Expon.  (d=56mm) 


Trial  No.  23  Invasive  ICP=15mmHg,  non-invasive  ICP=8nimHg 


Patient  "ri,  file  No.4 


♦  d=56mm 
■  d=42mm 

Expon.  (d=56mm) 
Expon.  (d=42mm) 


Trial  No.  24  Invasive  ICP=8mmHg,  non-invasive  ICP=2mmHg 
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Trial  No.  25  Invasive  ICP=12niniHg,  non-invasive  ICP=19mmHg 

Patient  "ri",  file  No.6 


0  5  10  15  20  25  30 


Pe,  mmHg 


Trial  No.  26  Invasive  ICP=7mniHg,  non-invasive  ICP=5nimHg 


Trial  No.  27  Invasive  ICP=9mniHg,  non-invasive  ICP=13niniHg 


Trial  No.  30  Invasive  ICP=12nimHg,  non-invasive  ICP=6nimHg 


Patient  "zp",  file  No.7 


W  0.43 
%  0.42 


♦  d=56mm 
■  d=44mm 
—  Expon.  (d=56mm) 
“Expon.  (d=44mm) 


10  15  20  25  30 

Pe,  mmHg 


Trial  No.  34  Invasive  ICP=7inmHg,  non-invasive  ICP=llininHg 


Patient  "zp",  file  No.8 


S’  0.43 
®  0.42 
<  0.41 


d=56mm 

d=44mm 

•Expon.  (d=44mm) 
•Expon.  (d=56mm) 


10  15  20 

Pe,  mmHg 


Trial  No.  35  Invasive  ICP=9niniHg,  non-invasive  ICP=12niinHg 
Patient  "zp",  file  No.9 


Q.  0.42 
"S  0.41 


♦  d=56mm 
■  d=44mm 
“—Expon.  (d=44mm) 
—  Expon.  (d=56mm) 


10  15  20 

Pe,  mmHg 


Trial  No.  36  Invasive  ICP=5mniHg,  non-mvasive  ICP=3minHg 


Patient  "zp",  file  No.  10 


0  5  10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  37  Invasive  ICP=24nimHg,  non-invasive  ICP=14mmHg 
Patient  "zp",  file  No.  11 


0.58 


0.48  ^ ^ ^ ^ ^ ^ ^ - , 

0  5  10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  38  Invasive  ICP=26niniHg,  non-invasive  ICP=32niniHg 
Patient  "zp",  file  No.12 


0  5  10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  39  Invasive  ICP=29mniHg,  non-invasive  ICP=27mniHg 


Patient  "gs",  file  No.1 


S;  0.85 


S’  0.8 

Im 

a> 

^  0.75 


♦  d=56mm 
■  d=42mm 
““Expon.  (d=42mm) 
^“Expon.  (d=56mm) 


10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  40  Invasive  ICP=14mmHg,  non-invasive  ICP=16mmHg 

Patient  "gs",  file  No.2 


♦  d=56mm 
■  d=42mm 

Expon.  (d=42mm) 
Expon.  (d=56mm) 


10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  41  Invasive  ICP=16nimHg,  non-invasive  ICP=19niniHg 


Patient  "gs",  file  No.3 


®  0.78 
<  0.76 


♦  d=56mm 
■  d=42mm 

Expon.  (d=56mm) 
—  Expon.  (d=42mm) 


10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  42  Invasive  ICP=18mmHg,  non-invasive  ICP=12mniHg 


Patient  "gs",  file  No.4 


S’  1-1 


♦  d=56mm 
■  d=42mm 
““Expon.  (d=42mm) 
^“Expon.  (d=56mm) 


0  5  10  15  20  25  30  35  40  45 

Pe,  mmHg 


Trial  No.  43  Invasive  ICP=22inniHg,  non-invasive  ICP=31mmHg 

Patient  "ed",  file  No.1 


♦  d=54mm 
■  d=40mm 
—  Expon.  (d=54mm) 
"~Expon.  (d=40mm) 


Pe,  mmHg 


Trial  No.  44  Invasive  ICP=24minHg,  non-invasive  ICP=17mniHg 

Patient  "ed",  file  No.2 


0.36 
0.34 
E  0.32 
■g  0.3 
S’  0.28 
®  0.26 
<  0.24 


0.5  - 

_  0.45  i 

a. 

^  0.4  - 

O)  , 

S  0  35  - 

1—  ^ 

> 

■ 

0.3  - 

0.25  - 

♦  d=54mm 
■  d=40mm 

Expon.  (d=40mm) 
Expon.  (d=54mm) 


0  5  10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  45  Invasive  ICP=20niniHg,  non-invasive  ICP=15inmHg 


Patient  "ed",  file  No.3 


0.3 
E  0.25 


0.2 

W 

0) 

^  0.15 


5  10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  46  Invasive  ICP=23mHg,  non-invasive  ICP=10mHg 
Patient  "ed",  file  No.4 


_  0.3 

□. 

■g  0.25 
o> 

I  0.2 

0.15 


♦  d=54mm 
■  d=40mm 
■^Expon.  (d=54mm) 
Expon.  (d=40mm) 


0  5  10  15  20  25  30  35  40 

Pe,  mmHg 

Trial  No.  47  Invasive  ICP=27niHg,  non-invasive  ICP=24mHg 
Patient  "ed",  file  No.5 


0.4 
0.35 
K  0.3 
■o  0.25 

S’  0.2 

®  0.15 
<  0.1 


♦  d=54mm 
■  d=40mm 

Expon.  (d=40mm) 
Expon.  (d=54mm) 


5  10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  48  Invasive  ICP=30inHg,  non-invasive  ICP=26niHg 


Patient  "ed",  file  No.6 

♦ 

♦  d=54mm 

■  d=40mm 

Expon.  (d=40mm) 

i 

Expon.  (d=54mm) 

25  30  35  40 

Pe,  mmHg 

Trial  No.  49  Invasive  ICP=26inHg,  non-invasive  ICP=24mHg 
Patient  "ed",  file  No.7 


0.3 
K  0.25 


0.2 

a> 

^  0.15 


♦  d=54mm 
■  d=40mm 
—Expon.  (d=54mm) 
— Expon.  (d=40mm) 


0  5  10  15  20  25  30  35  40 

Pe,  mmHg 

Trial  No.  50  Invasive  ICP=21niHg,  non-invasive  ICP=22inHg 
Patient  "ed",  file  No.8 


O) 

I  0.3 
0.2 


♦  d=54mm 
■  d=40mm 

Expon.  (d=54mm) 
Expon.  (d=40mm) 


0  5  10  15  20  25  30  35  40  45  50 

Pe,  mmHg 


Trial  No.  51  Invasive  ICP=33mHg,  non-invasive  ICP=43niHg 


Averaged  PI  H  Averaged  PI  H  Averaged  PI 


Patient  "al",  file  No.1 


♦  d=56mm 
■  d=44mm 
— Expon.  (d=56mm) 
— Expon.  (d=44mm) 


0  5  10  15  20  25  30  35  40 

Pe,  mmHg 


rial  No.  52  Invasive  ICP=18mmHg,  non-invasive  ICP=10mmHg 


Patient  "al",  file  No.2 


♦  d=56mm 
■  d=44mm 
—Expon.  (d=56mm) 
—Expon.  (d=44mm) 


0  5  10  15  20  25  30  35  40 

Pe,  mmHg 


rial  No.  53  Invasive  ICP=20mniHg,  non-invasive  ICP=20niniHg 


Patient  "al",  file  No.3 


♦  d=56mm 
■  d=44mm 
—Expon.  (d=44mm) 
—Expon.  (d=56mm) 


0  5  10  15  20  25  30  35  40 

Pe,  mmHg 


Trial  No.  54  Invasive  ICP=24mmHg,  non-invasive  ICP=26niHg 


Lt] 


APPENDIX  B 


CLINICAL  RESULTS  OF  SIMULTANEOUS  INVASIVE  SLOW  INTRACRANIAL 
PRESSURE  AND  NON-INVASIVE  SLOW  INTRACRANIAL  BLOOD  VOLUME 

WAVES  MEASUREMENT 


58 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  ab2.ab3 


File:  ab2&ab3.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.9194 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  ab4,ab5,ab6 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  ab4.ab5,ab6 


File:ab4&5&6.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.8313 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  ab6(part2).ab8 


File:  ab6-part2«&ab8.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.7803 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  ag4-19(part2) 


File:  ag4_19part2.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.5780 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  ag4-19(part3) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  ag4-19(part3) 


File:ag4_19part3.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.6457 


ICP  B  waves.  Waves  filtering  range  30-120  s.  Files:  as1,as4-1 


File:  asl&as4.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.6380 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  as  10 


File:  aslO.  Correlation  coefficient  r(ICP,  AC/Co)=  0.5701 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  as  12 


File:  asl2.  Correlation  coefficient  r(ICP,  AC/Co)=  0.4421 


2 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  dj28.dj32.dj44(1) 


.2 1 _ I _ i _ ^ ^ _ I _ ^ _ I _ t _ I _ I 

0  0.1  0.2  0.3  0.4  0,5  0.6  0.7  0.0  0.9  1 

Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  dj28.dj32,dj44(1) 


Time,  h 


File:  dj28_32&dj44partl.  Correlation  eoefficient  r(ICP,  AC/Co)  =  0.9335 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  dj44(2),dj47-52 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  dj44(2).dj47-52 


Time,  h 


File:  dj44part2&dj47_52.  Correlation  eoefficient  r(ICP,  AC/Co)  =  0.7978 


2 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  dj57,dj59 


.2 1 - 1 _ j - 1 _ I _ I - 1 _ I - i _ I - 1 

0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  O.B  0.9  1 

Tlme,.h 

B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  dj57.dj59 


File:  dj57&dj59.  Correlation  eoeffieient  r(ICP,  AC/Co)  =  0.9276 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  dj76.dj78,dj80 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  dj76.dj78.dj80 


3 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  jr1-4  parti 


-2 


)l _ ^ _ I _ ^ _ I _ I _ I _ ^ - 1 - 1 - 1 

0  0.1  D.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1 

Time,  h 

B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  jr1-4  parti 


File:  jrl-4_partl.  Correlation  coeffieient  r(ICP,  AC/Co)  =  0.8856 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  jr1-4  part2 


File:  jrl-4_part2.  Correlation  coeffieient  r(ICP,  AC/Co)  =  0.9100 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  jr7-1 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-1 20  s.  File:  jr7-1 


Time,  h 


File:  jrTpartl.  Correlation  eoeffieient  r(ICP,  AC/Co)  =  0.6519 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  jrS 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  jr8 


Time,  h 


File:  jrS.  Correlation  eoeffieient  r(ICP,  AC/Co)  =  0.6549 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  kvi 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  (<v2-6  (parti) 


File:  kv2_6partl.  Correlation  coefficient  r(ICP,  AC/Co)  =  7343 


File:  kv2_6part2.  Correlation  coeffieient  r(ICP,  AC/Co)  =  0.8761 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  mm3- 13 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  mm3-13 


File:  nim3_13partl.  Correlation  eoeffieient  r(ICP,  AC/Co)  =  0.74 
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ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  mm15-22 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File;  mm15-22 


0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 


Time,  h 

File:  minl5_22.  Correlation  eoeflicient  r(ICP,  AC/Co)  =  0.7566 


ICP  B  waves.  Waves  filtering  range  30-120  s.  Files:  mm55.mm59-1 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  Files:  mm55.mnri59-1 


Time,  h 


File:  nim55&nim59_l.  Correlation  eoefficient  r(ICP,  AC/Co)  =  0.6674 


File:  mm59_2.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.7088 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  nnm57-1 


File:  mm57_l.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.5706 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  mm57-2 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  mm57-3 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  mm57-5 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  mm60-1 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  mm60-2 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  mm60-2 


Time,  h 


File:  mm60_2.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.7307 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  rm-lv 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  nm-lv 


Time,  h 


File:  rni_lv.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.8695 


1.5 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  sl21-26(part2) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File;  sl21-26(part2) 


File:  sl21_26part2.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.8483 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  sl28-34  parti 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  sl28-34  parti 


File:  sl28-33partl.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.8503 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  sl28-34  part2 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  sl28-34  part2 


File:  sl28-33part2.  Correlation  eoeffieient  r(ICP,  AC/Co)  =  0.6477 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  sl41 .48 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  sl41 .48 


File:  sl41&48.  Correlation  eoeffieient  r(ICP,  AC/Co)  =  0.7322 


3 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vdl  1-26{part1) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File;  vd1 1-26(part1) 


File:  vdll_26partl.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.9131 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  vdl  1-26(part2) 


File:  vdll_26part2.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.9000 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vd1 1-26(pait3) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vdl  1-26(part3) 


File;  vdll_26part3.  Correlation  coefiicient  r(ICP,  AC/Co)  =  0.9490 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vd27-44(part1) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File;  vd27-44(part1) 


File:  vd27_44partl.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.9262 


1 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vd27-44(part2) 


Time,  h 

B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vd27-44(part2) 


File:  vd27_44part2.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.8592 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  vd27-44(part3) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vd27-44(part3) 


File:  vd27_44part3.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.9039 


2 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  vg4 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File;  vg4 


File:  vg4.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.6413 


ICP  B  waves.  Waves  filtering  range  30-1 20  s.  File;  vg7,vg10(part1 ) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File;  vg7.vg10(part1) 


File:  vg7&vgl0partl.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.8850 


ICP  B  waves.  Waves  filtering  range  30-120  s.  Files:  vg15  -18 


File:  vgl5&18.  Correlation  eoeffieient  r(ICP,  AC/Co)  =  0.6107 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  vg21  (part  1) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vg21  (part  1) 


File:  vg21partl.  Correlation  eoeffieient  r(ICP,  AC/Co)  =  0.5719 


2 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vg21  (part  2) 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vg21  (part  2) 


File:  vg21part2.  Correlation  eoeflieient  r(ICP,  AC/Co)  =  0.5411 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vyt)1-3 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vvb1-3 


File:  vybl_3.  Correlation  eoeflieient  r(ICP,  AC/Co)  -  0.8122 


File:  vyb6.  Correlation  eoeflieient  r(ICP,  AC/Co)  =  0.9573 


ICP  B  waves  Waves  filtering  range  30-120  s.  File;  vyb7 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File;  vm12-13 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vm12-13 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vml^-IO  (parti) 


File:  vinl4_17partl.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.8442 


4 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vm14-19  (pait2) 


Time,  h 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vm14-19  (part2) 


File:  vinl4_17part2.  Correlation  eoeflicient  r(ICP,  AC/Co)  =  0.8574 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vm14-19  (pait3) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vm14-19  (part3) 


File:  vml4_17part3.  Correlation  eoeflUcient  r(ICP,  AC/Co)  =  0.8428 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vm14-19  (part4) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vm14-19  (part4) 


File:  vinl4_17part4.  Correlation  eoefficient  r(ICP,  AC/Co)  =  0,8334 


ICP  B  waves.  Waves  filtering  range  30-120  s.  File:  vm14-19  (parts) 


B  waves  of  relative  ultrasound  speed.  Waves  filtering  range  30-120  s.  File:  vm14-19  (parts) 


File:  vml4_17part5.  Correlation  coefficient  r(ICP,  AC/Co)  =  0.7881 


APPENDIX  C 


CLINICAL  RESULTS  OF  SIMULTANEOUS  INVASIVE  AND  NON-INVASIVE 
CEREBROVASCULAR  AUTOREGULATION  STATE  MONITORING 
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Correlation  coefficient  J^ICFAC/C^).  Interval  of  processing  120s.  File:  ab2,ab3 


Correlation  coefficients  r(ABP.ICP)  and  r(ABP,AC/Cjj)  monitoring.  Interval  of  processing  120s.  File;  ab2.ab3 


Statistical  processing  of  r(ABPJCP)  and  r(ABP,AC/Co):  ni=703,  niD=0.0097,  S=0.1411,  R=0.9333 

Correlation  coefficient  r(ICP,AC/CQ).  Interval  of  processing  120s.  File:  ab4.ab5,ab6 


Correlation  coefficients  r(ABP.ICP)  and  r(ABP.AC/CQ)  monitoring.  Interval  of  processing  120s.  File:  ab4.ab5.ab6 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP,AC/C«):  in=703,  niD=-0.0175,  S=0.1618,  R=0.8790 
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Correlation  coefficient  r(ICP,AC/CQ).  Interval  of  processing  120s.  File:  abB(part2).< 


VA/ 


8  0.9  1 

Time,  h 

Correlation  coefficients  r(ABP.ICP)  and  r(ABP,AC/Cg)  monitoring.  Interval  of  processing  120s.  File;  ab6(part2).ab0 
1 

0  8 1-  I  -  ftABP.ICP) 

-  rjABPAC/c.) 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP,AC/Co):  ni=703,  mD=-0.0268,  S=0.1232,  R=0.9010 

Correlation  coefficient  r(lCP,AC/CQ).  Inteival  of  processing  120s.  File:  as2,as9 


Correlation  coefficients  r(ABP.ICP)  and  r(ABP.AC/C  )  monitoring.  Interval  of  processing  120s.  File:  as2.as9 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  ni=700,  niD=-0.0409,  S=0.3069,  R=0.6243 
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Correlation  coefficient  r(lCP,AC/CQ),  Interval  of  processing  120s.  File:  dj8 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  ni=703,  inD=0.1404,  S=0.1191,  R=0.9044 

Correlation  coefficient  r(!CPAC/Cjj).  Interval  of  processing  120s.  File:  dj13-15 


Correlation  coefficients  r(ABP,ICP)  and  r(ABP.AC/Cjj)  monitoring.  Interval  of  processing  12Ds.  File:  dj13"15 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  m=703,  mD=0.1488,  S=0.2760,  R=0.5239 
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Correlation  coefficient  r(ICP,AC/CQ).  Interval  of  processing  120s.  File:  dj23-24 


Correlation  coefficients  r(ABP,ICP)  and  r{ABP,ACfC^)  monitoring.  Interval  of  processing  120s.  File:  dj23-24 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  m=703,  mD=0.2504,  S=0.1961,  R=0,8465 

Correlation  coefficient  r(ICP,AC/Cj^).  Inteival  of  processing  120s.  File:  dj28,dj32,dj44(1) 


Correlation  coefficients  r(ABP,ICP)  and  r(ABP.AC/Cjj)  monitoring.  Interval  of  processing  120s.  File:  dj2B.dj32,dj44(1) 
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Correlation  coefficient  r(ICPH!iC/CQ).  Interval  of  processing  120s.  File:  dj44(2).dj47-52 


Correlation  coefficients  r^ABPJCP)  and  r(ABP,AC/CQ)  monitoring.  Interval  of  processing  120s.  File:  dj44(2).dj47-52 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  m=698,  niD=-0.3114,  S=0.1216,  R=0.8806 

Correlation  coefficient  r(ICP  AC/C^).  Interval  of  processing  1 20s.  File:  dj57,dj59 


Correlation  coefficients  r(ABP.ICP)  and  r(ABP,AC/CQ)  monitoring.  Interval  of  processing  120s.  File:  dj57.dj59 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  ni=703,  niD=-0.0560,  S=0.2092,  R=0.8743 
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Correlation  coefficient  r(ICP^C/CQ).  Internal  of  processing  120s.  File:  jr1-4  part2 


Correlation  coefficients  r(ABP,ICP)  and  r(ABP,AC/CQ)  monitoring.  Intetva!  of  processing  120s.  File:  jr1-4  pait2 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP,AC/Co):  ni=703,  niD=-0.1942,  S=0.1655,  R=0.9149 

Correlation  coefficient  r(ICP^C/CQ).  Inten/al  of  processing  120s.  File:  jr1-4  parts 


Correlation  coefficients  r(ABP,ICP)  and  r(ABP,AC/CQ)  monitoring.  Interval  of  processing  120s.  File:  jr1-4  parts 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP,AC/Co):  ni=635,  niD=-0.0481,  S=0.2845,  R=0.7881 
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Correlation  coefficient  r(  I  CP,  AC/C^).  Interval  of  processing  120s.  File:  jr5-6 


Correlation  coefficients  r(ABPJCP)  and  r(ABP.AC/CQ)  monitoring.  Interval  of  processing  120s.  File:  jr5-B 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP,AC/C«):  ni=639,  inD=-0.0347,  S=0.1330,  R=0.9144 

Correlation  coefficient  r(ICP,ACfCjj).  Interval  of  processing  120s  File:  jr7-1 


Correlation  coefficients  r(ABP,ICP)  and  r^ABP.AC/Cg)  monitoring  Interval  of  processing  120s  File:  jr7-1 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  ni=703,  niD=-0.3873,  S=0.2193,  R=0.5988 
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Correlation  coefficient  r^lCFACfC^).  Interval  of  processing  120s.  File:  kv2-B  (parti) 


Correlation  coefficients  r(ABP.ICP)  and  r(ABPAC/C  )  monitoring.  Interval  of  processing  120s.  File:  kv2-6  (parti) 


Statistical  processing  of  r(ABPJCP)  and  r(ABP, AC/Co):  ni=703,  mD=-0.2577,  S=0.3295,  R=0.5645 


Correlation  coefficient  r(ICP,AC/Cjj).  Interval  of  processing  120s.  File:  kv2-6  (pait2) 


Correlation  coefficients  r(ABP.ICP)  and  r(ABPAC/CQ)  monitoring.  Interval  of  processing  120s.  File;  kv2-B  (part2) 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP,AC/Co):  m=687,  niD=-0.1464,  S=0.2072,  R=0.6049 
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Correlation  coefficient  rOCPAC/Cg).  Interval  of  processing  120s.  File;  mm3-13 


Correlation  coefficients  r(ABP.lCP)  and  r(ABP.AC/CQ)  monitoring.  Inten/al  of  processing  120s.  File:  mm3-13 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  ni=703,  mD=0.0676,  S=0.2644,  R=0.7806 

Correlation  coefficient  r(ICP,AC/Cjj).  Interval  of  processing  120s.  File:  mm  15-22 


Correlation  coefficients  r(ABP.lCP)  and  r(ABP  AC/C^^)  monitoring.  Interval  of  processing  120s.  File:  mm15-22 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP,AC/Co):  ni=623,  niD=0.0620,  S=0.2415,  R=0,7967 
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Correlation  coefficient  r(ICP,AC/Cg).  Interval  of  processing  120s.  File:  sl2-3 


Time,  h 


Correlation  coefficients  r(ABP,ICP)  and  r(ABPAC/Cjj)  monitoring.  Interval  of  processing  120s.  File:  sl2-3 


Time,  h 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  ni=703,  niD=0.156,  S=0.1302,  R=0.8124 


Correlation  coefficient  r(ICP.AC/Cjj).  Interval  of  processing  120s.  File:  sl21-26(part1) 


Time,  h 

Correlation  coefficients  r(ABP,ICP)  and  r(ABP,AC/C^)  monitoring.  Interval  of  processing  120s  File:  sl21-26(part1) 

1 
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-0.8 
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0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1 

Time,  h 

Statistical  processing  of  r(ABP,ICP)  and  r(ABP,AC/Co):  ni=703,  mD— 0.0604,  S=0.0945,  R=0.9706 
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Correlation  coefficientr(ICP.AC/CQ).  Interval  of  processing  120s.  File;  sl41 ,48 


Correlation  coefficients  r(ABP,lCP)  and  r(ABP.AC/Cjj)  monitoring.  Inteival  of  processing  120s.  File:  sWI  ,40 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  ni=703,  mD=0.5204,  S=0.2130,  R=0.8618 


Correlation  coefficient  r{\CPAC/C^].  Interval  of  processing  120s.  File:  vg7.vg10(part1) 


Time,  h 


Correlation  coefficients  r(ABP.ICP)  and  r(ABP.AC/CQ)  monitoring.  Interval  of  processing  120s.  File:  vg7.vg10(part1) 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP,AC/Co):  ni=703,  mD=-0.2493,  S=0.2195,  R=0.7674 
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Correlation  coefficients  r(ABPJCP)  and  r(ABP.AC/C  )  monitoring.  Interval  of  processing  12Qs.  Files:  vg1Q(part2).vg2 


Correlation  coefficient  r(ICP,AC/C|^).  Interval  of  processing  120s.  File:  vybl-O 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  in=703,  niD=0.1469,  S=0.2335,  R=0.7649 

Correlation  coefficient  r(ICP.AC/Cjj).  Interval  of  processing  120s,  File:  vybB 


0.6  - 
0.4  - 
0.2  - 

0 _ 1 _ I _ i _ I _ I _ I _ I _ I _ I _ 

0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 

Time,  h 

Correlation  coefficients  r(ABPJCP)  and  r(ABP,AC/CQ)  monitoring.  Interval  of  processing  120s.  File:  vyb6 


Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  ni=684,  niD=0.0747,  S=0.1281,  R=0.9639 
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0  0.1  0,2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1 

Time,  h 

Statistical  processing  of  r(ABP,ICP)  and  r(ABP, AC/Co):  ni=703,  niD=-0.2107,  S=0.1627,  R=0.8693 
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APPENDIX  D 


ATACCC  2001,  Fort  Walton  Beach  (ABSTRACT  OF  ORAL  PRESENTATION) 

A.  RAGAUSKAS 

NON-INVASIVE  MEASUREMENT  OF  INTRACRANIAL  PRESSURE  (ICP) 

Objective:  New  ultrasonographic  non-invasive  ICP  /  Volume  monitoring  and  ICP  absolute 
value  measurement  methods  were  proposed  in  our  previous  works  [1,2],  The  objective  of  this 
paper  is  to  present  our  clinical  results  of  the  assessment  of  non-invasive  technology  for 
cerebrovascular  autoregulation  monitoring  and  non-invasive  ICP  absolute  value  measurement 
in  the  intensive  care  unit  (ICU). 

Methods:  Slow  intracranial  wave  and  ABP  slow  wave  correlation  methodology  was  used  for 
cerebrovascular  autoregulation  monitoring.  Non-invasive  cerebrovascular  slow  wave  monitor 
(Vihamed)  has  been  used  together  with  invasive  ICP  and  ABP  slow  wave  monitors  in  the  ICU. 
Also  ultrasonographic  absolute  ICP  meter  (Vittamed)  was  applied  for  periodic  non-invasive 
measurements  of  ICU  patients  with  traumatic  brain  injuries.  All  measurements  were  performed 
following  Clinical  Research  Protocol  of  DoD  Agreement  DAMD  17-00-2-0065. 

The  non-invasively  recorded  slow  volumetric  intracranial  waves  were  compared  with  invasively 
recorded  slow  ICP  waves.  Also  continuous  monitoring  of  the  correlation  factor  Ri  between 
invasively  recorded  ICP  and  ABP  slow  waves  was  performed  simultaneously  with  non- 
invasively  recorded  correlation  factor  Rn  between  volumetric  slow  waves  and  ABP  slow  waves. 
The  accuracy  of  absolute  ICP  non-invasive  measurement  was  evaluated  eomparing  non- 
invasive  ICP  data  with  simultaneously  invasively  measured  ICP  values. 

Results:  It  has  been  shown  experimentally  that  the  correlation  factor  between  invasively  and 
non-invasively  recorded  slow  ICP  waves  is  not  less  than  0.71... 0.93  during  one  hour 
monitoring  periods  (15  one  hour  ICU  monitoring  periods  were  analyzed).  It  has  been  shown  an 
excellent  agreement  between  non-invasive  and  invasive  cerebrovascular  autoregulation 
monitoring  data. 

The  preliminary  results  of  non-invasive  ICP  measurement  method  clinical  assessment  show  that 
this  is  only  method  for  non-invasive  ICP  measurement  without  the  problem  of  individual 
calibration  of  system  “patient  -  non-invasive  ICP  meter”. 

Conclusion:  In  this  ongoing  study  it  is  shown  at  the  first  time  that  non-invasive 
ultrasonographic  time-of-flight  technology  could  be  applied  for  continuous  cerebrovascular 
autoregulation  monitoring.  It  is  shown  that  non-invasive  absolute  ICP  meter  (Vittamed)  is  only 
non-invasive  ICP  meter,  which  does  not  need  an  individual  calibration  of  system  “patient  - 
non-invasive  ICP  meter”. 

1.  Cerebrovasc  Dis  1999;9  (suppl.2):31  and  46,  also  2000;  10  (suppl.l):34. 

2.  US  Patents  5,  388,  583  and  5,  951, 477. 

ATACCC  2002,  Fort  Sant  Pete  Beach  (ABSTRACT  OF  ORAL  PRESENTATION) 

A.  RAGAUSKAS 

COMPARATIVE  CLINICAL  STUDY  OF  INVASIVE  AND  NON-INVASIVE 
INTRACRANIAL  PRESSURE  MONITORING  TECHNIQUES 

Objective:  New  ultrasonographic  non-invasive  intracranial  pressure  (ICP)  /  intracranial  blood 
volume  (IBV)  monitoring  and  ICP  absolute  value  measurement  methods  were  proposed  in  our 
previous  works  [1,2].  The  objective  of  this  paper  is  to  present  the  results  of  the  completed 
comparative  clinical  study  of  invasive  and  non-invasive  technology  for  cerebrovascular 
autoregulation  monitoring  and  also  invasive  and  non-invasive  ICP  absolute  value  measurement 
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in  the  neurosurgical  intensive  care  unit  (ICU). 

Methods:  In  order  to  obtain  a  required  statistical  power  of  conclusions  the  number  of  patients 
was  determined  10  and  the  number  of  measurement  cycles  was  determined  N>52  for  this  study. 
We  performed  87  sessions  of  one  hour  simultaneous  ICP  and  IBV  wave  monitoring  on  12  ICU 
patients  with  severe  traumatic  brain  injuries.  We  also  performed  53  sessions  of  one  hour 
simultaneous  invasive  and  non-invasive  cerebrovascular  autoregulation  monitoring  on  10 
patients  from  the  same  group.  Invasive  and  non-invasive  absolute  ICP  measurements  (N=54) 
also  have  been  performed  on  10  ICU  patients. 

Slow  ICP  wave  and  slow  ABP  wave  correlation  methodology  was  used  for  invasive 
cerebrovascular  autoregulation  monitoring.  Non-invasive  IBV  slow  wave  monitor  (Vittamed) 
has  been  used  together  with  invasive  ICP  and  ABP  slow  wave  monitors  for  simultaneous 
monitoring  in  the  ICU.  Also  ultrasonographic  absolute  ICP  meter  (Vittamed)  was  applied  for 
periodic  non-invasive  measurements  on  ICU  patients  with  traumatic  brain  injuries.  All 
measurements  were  performed  following  Clinical  Research  Protocol  No.  9912  4006  (HSRRB 
Log  No.  A-9676)  of  DoD  Agreement  DAMD  17-00-2-0065. 

The  non-invasively  recorded  slow  IBV  waves  were  compared  with  simultaneously  invasively 
recorded  slow  ICP  waves.  Also  continuous  monitoring  of  the  correlation  factor  Rj  between 
invasively  recorded  ICP  and  ABP  slow  waves  was  performed  simultaneously  with  non- 
invasively  recorded  correlation  factor  Rn  between  IBV  and  ABP  slow  waves. 

Statistical  analysis  (Student’s  r-test.  Bland  Altman  plot,  correlation  analysis,  etc.)  of  invasively 
and  non-invasively  measured  data  has  been  performed  in  order  to  evaluate  a  coincidence  of 
invasively  and  non-invasively  measured  results. 

Results:  It  has  been  shown  experimentally  that  the  reliable  short-  or  long-term  continuous  non- 
invasive  cerebrovascular  autoregulation  monitoring  (Vittamed)  can  be  used  under  ICU 
conditions.  Statistically  significant  estimation  (12  patients)  shows  that  the  hypothesis  of  the 
coincidence  of  invasively  and  non-invasively  measured  ICP  and  IBV  slow  wave  data  is 
accepted  (7i:>0.95).  Statistically  estimated  (Bland  Altman)  difference  between  invasively  and 
non-invasively  recorded  intracranial  slow  waves  (SD=0.089,  p=4.5xl0'^)  and  the  difference 
between  invasively  and  non-invasively  recorded  cerebral  autoregulation  indexes  (SD=0.05, 
p=l.lxl0‘^)  is  small  enough  and  such  differences  are  not  clinically  important. 

Bland  Altman  plot  of  52  invasive  and  non-invasive  measurements  (10  patients)  of  absolute  ICP 
values  shows  that  the  proposed  method  of  non-invasive  absolute  ICP  measurement  (Vittamed) 
is  only  the  method  which  does  not  need  an  individual  calibration  of  the  system  “patient  -  non- 
invasive  ICP  meter”.  A  good  agreement  was  obtained  between  experimental  results  and 
mathematical  modeling  results  of  non-invasive  absolute  ICP  measurement. 

Conclusion:  In  this  completed  clinical  study  the  statistically  significant  evidences  were 
obtained  at  the  first  time  that  ultrasonographic  time-of-flight  technology  (Vittamed)  could  be 
applied  for  non-invasive  continuous  cerebrovascular  autoregulation  monitoring.  It  is  also 
evident  that  non-invasive  absolute  ICP  meter  (Vittamed)  is  only  non-invasive  ICP  meter  which 
does  not  need  an  individual  calibration  of  system  “patient  -  non-invasive  ICP  meter”. 

1.  Cerebrovasc  Dis  I999;9  (S2):3I  and  46,  Cerebrovasc  Dis  2000;I0  (Sl):34,  Cerebrovasc  Dis 
2002;I3(S4):I8and  25. 

2.  US  Patents  No.  5,  388,  583,  No.  5, 951, 477,  No.  6,  387,  051. 
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